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FOREWORD 

T h i s   r e p o r t  was prepared  by  A iResearch  Hanufactur ing Company, a   d i v i s i o n  
o f  The  Garret t   Corporat ion,   Los  Angeles,   Cal i forn ia   for   the  Langley  Research 
Center o f  the   Nat iona l   Aeronaut ics   and Space A d m i n i s t r a t i o n .   T h i s   r e p o r t  
p r e s e n t s   t h e   r e s u l t s  of  an  exper imental   study  performed  under  Task  Order No. 3, 
"Fabr ica t ion   and  S t ruc tura l   Eva lua t ion   fo r   Regenera t ive ly   Coo led   Pane ls . "  The 
work i s   p a r t  of a  comprehensive  analy t ica l   and  exper imenta l   s tudy  o f   regenera-  
t i ve l y   coo led   pane ls   pe r fo rmed   under   Con t rac t  NASI-5002. This  program was 
under   t he   cogn izance   o f  Mr. R. R. Howell  and Mr.  H. N. K e l l y   o f   t h e   8 - F o o t  
H igh   Tempera tu re   S t ruc tu res   Tunne l   B ranch   o f   t he   S t ruc tu res   D iv i s ion   and  
Dr. H. S. Anderson  and M r .  J. L. S h i d e l e r   o f   t h e   A e r o t h e r m o e l a s t i c i t y   S e c t i o n ,  
Langley  Research  Center. 

iii 



FABRICATION AND STRUCTURAL  EVALUATION 

FOR REGENERATIVELY COOLED  PANELS 

By C. Demogenes, 0. Jones, C. E. Richard, J. D. Duncan, and W. G. F I   i e d e r  
The Gar re t t   Co rpo ra t i on  

AiResearch  Manufactur ing Company 

SUMMARY 

An exper imental   evaluat ion  of   sheet  and  sandwich  panel   specimens was 
p e r f o r m e d   t o   s e l e c t   m a t e r i a l s   a n d   f a b r i c a t i o n   t e c h n i q u e s   f o r   r e g e n e r a t i v e l y  
cooled  panels .  Specimens, t e s t i n g   c o n d i t i o n s  and  parent  metal   choices  were 
based  on a p rev ious   ana ly t i ca l   s tudy   o f   hyd rogen-coo led   pane ls .  The braze 
j o i n i n g   p r o c e s s  was e v a l u a t e d   f o r   s e v e r a l   b r a z e   a l l o y s   w h i c h   c o l l e c t i v e l y  
p r o v i d e   m a n u f a c t u r i n g   f i e x i b i l i t y   f o r   t h e   d e s i r e d   s u p e r a l l o y   p a n e l   m a t e r i a l s .  

T e n s i l e   t e s t s  showed t h a t   t h e   s t r e n g t h   p r o p e r t i e s   o f  Waspaloy, Incone l  718 
and  Inconel  625  coupons, s u b j e c t e d   t o   h e a t i n g   c y c l e s   t y p i c a l   o f   e x p e c t e d   b r a z -  
ing  condi t ions,   were  comparable  to   publ ished  parent   meta l   proper t ies,   whereas 
d u c t i l i t y   v a l u e s  were   genera l l y   lower   than  pub l i shed  p roper t ies .  S i m i l a r  
r e s u l t s   w e r e   n o t e d   f o r   I n c o n e l  625 t e n s i l e  spec imens  coated   w i th   b raze   a l loy .  

Meta l lu rg ica l   examinat ion   o f   b razed  sandwich   spec imens showed t h a t   j o i n i n g  
q u a l i t y  was a c c e p t a b l e   f o r   m o s t   a l l o y   c o m b i n a t i o n s   e v a l u a t e d   a n d   m i n i m a l   d i f -  
fe rences   were   no ted   fo r   d i f fe ren t   b raz ing   t imes  and  b raz ing   a tmospheres .  The 
superal loy  metals  formed  adequate f i n  shapes r e q u i r e d   f o r   b r a z i n g   o f   t h e s e  
panels .  

Bu rs t   and   c reep   rup tu re   t es ts ,   pe r fo rmed   on   s ing le   l aye r   pane ls ,   de te r -  
m ined  coo lan t   con ta inment   s t rengths  and p rov ided   compar i sons   f o r   b raze   a l l oy  
s e l e c t i o n s .   B u r s t   p r e s s u r e s   o f  Waspaloy, Incone l  718, Incone l  625  and 
H a s t e l l o y  X were  about 30 t o  90 percent   o f   ca lcu la ted   capab i l i t ies ,   whereas  
c reep  rup ture   s t rengths   were  a  smal l e r   f r a c t i o n ,   a b o u t  I O  t o  50 percent .  The 
more d u c t i l e   a l l o y s ,   H a s t e l l o y  X and  Inconel  625, had the   be t te r   con ta inmen t  
s t r e n g t h s   i n   b o t h   t e s t s .  

F l e x u r e   t e s t s   o f  Waspaloy  and  Inconel 718 sandwich  panels showed t h a t  
s t r e n g t h  was 90 t o  100 percent   o f   p red ic ted   va lues .   Pane l   per fo rmance  fo r  
e x t e r n a l   p r e s s u r e   l o a d s   s a t i s f i e d   d e s i g n   o b j e c t i v e s   a n d   v e r i f i e d   t h a t   w e i g h t  
es t imates   deve loped  in  a p r e v i o u s   s t u d y   w e r e   r e a l i s t i c .  

INTRODUCTION 

In   hyperson ic   c ru i se   veh ic les ,   where   regenera t i ve   coo l i ng  o f  l a r g e   s u r -  
f ace   a reas   i s   requ i red ,   we igh t  and coo lan t   conse rva t i on   a re  of paramount 
i m p o r t a n c e .   A n a l y t i c a l   s t u d i e s   o f   t h e   i n t e r a c t i o n   b e t w e e n   s t r u c t u r a l   w e i g h t  



and coo lan t   requ i remen ts   ( re fe rence  I) showed tha t   sandwich   pane l   cons t ruc t ion  
p rov ides  minimum weight   s t ructures.   Fur ther ,   based  on  the  assumpt ion  that  
h igh   t empera tu re   coa t ings   a re   no t   ava i l ab le ,   t he   supera l l oy   me ta l s   wou ld   p ro -  
v ide   the   h ighes t   pane l   opera t ing   tempera tures   and hence the   lowest   coo lan t  
usage.   There fore ,   the   ma jor   ob jec t ive   o f   th is   p rogram was v e r i f i c a t i o n   t h a t  
compact  sandwich  panel  elements  could be f a b r i c a t e d   w i t h   t h e   s u p e r a l l o y s  
recommended i n   r e f e r e n c e  I a n d   t h a t   s u i t a b l e   s t r e n g t h   p r o p e r t i e s   a r e   a t t a i n a b l e .  

A l t h o u g h   t h e   m a t e r i a l s  and s t ruc tu ra l   geomet ry   were   ex tens i ve l y   eva lua ted  
i n   t h e   r e f e r e n c e  I s tud ies ,   t he   Jo in ing   p rocess  was n o t   s p e c i f i e d .  The process 
u n d e r   c o n s i d e r a t i o n   f o r   t h e s e   p a n e l s   i s   b r a z i n g   w h i c h  i s  one o f   t h e   b e s t  de- 
v e l o p e d   j o i n i n g   p r o c e s s e s   i n   p r e s e n t   d a y   s t a t e   o f   t h e   a r t .   S e v e r a l   c a n d i d a t e  
b raze  a1   loys   were   se lec ted   based  on   the i r   s t rength ,   duc t i  1 i t y ,  and p o t e n t i a l  
c o m p a t i b i l i t y   w i t h   t h e   s u p e r a l l o y   p a r e n t   m e t a l s .   I n   t h e   i n i t i a l   e v a l u a t i o n ,  
b raze   cyc le   e f fec ts   were   de termined  by   tens i le   tes ts   o f   paren t   meta l   spec imens.  
F o l l o w i n g   t h i s ,  a m i c r o s c o p i c   e x a m i n a t i o n   o f   b r a z e d   p l a t e - f i n  samples i n d i -  
c a t e d   f i l l e t i n g ,   i n t e r g r a n u l a r   c o r r o s i o n  and a l l o y i n g   p r o p e r t i e s .  

For th i s   app l i ca t i on ,   t he   app l i cab le   sandw ich   pane l   s t reng th   p roper t i es  
p e r t a i n   t o  ( I )  conta inment  o f  t h e   c o o l a n t   f l o w i n g   i n s i d e   t h e   h e a t   e x c h a n g e r  
passages  and ( 2 )  con ta inment   o f   ex te rna l   l y   app l ied   loads   such as  combust i on  
chamber pressare,   aerodynamic  pressure,   grav i ty   loads,   e tc .   S ince  the  pre-  
v i o u s   a n a l y t i c a l   s t u d i e s   ( r e f e r e n c e  I )  were  based  on  publ ished  property  data 
and i d e a l   s t r u c t u r a l   b e h a v i o r   ( i . e .  , per fec t   geomet ry ,   un i fo rm  th ickness ,  
e t c . ) ,   t hese   exper imen ta l   eva lua t i ons   were   i n tended   no t   on l y   t o   p rove   f ab r i ca -  
t i o n   f e a s i b i l i t y   b u t ,   t o   p r o v i d e  an  accurate  measurement   o f   panel   s t rength  in  
s imu la ted   des ign   cond i t ions .   There fore ,  two b a s i c a l l y   d i f f e r e n t   s t r u c t u r a l  
t e s t s  were  performed on sandwich  specimens; ( I )  b u r s t   a n d   c r e e p   r u p t u r e   t e s t s  
p r i m a r i l y  for  de te rm in ing   coo lan t   con ta inmen t   capab i l i t i es   and  ( 2 )  f l e x u r e  
t e s t s   t o   e v a l u a t e   e x t e r n a l   l o a d i n g   s t r e n g t h .  

SYMBOLS 

A 

b 

E 

Et 

G 

h 

I 

K 

4 

area,  in.2/ in.   (cm /cm) 

f i n  o r  web spacing,  width,  in.  (cm) 

e l a s t i c  modulus ( i n c l u d i n g   p l a t e   c o r r e c t i o n ) ,   p s i  (MN/m ) 

tangent  modulus, p s i  (MN/m ) 

shear  modulus,  psi (MN/m ) 

he igh t ,   in .  (cm) 

s e c t i o n  moment o f  i n e r t i a ,   i n . 4 / i n .  (cm /cm) 

b u c k l i n g   c o e f f i c i e n t ;   s p r i n g   r a t e ,   l b / i n .  (N/m) 

length,  in.  (cm) 

2 

2 

2 

2 

4 

2 



M bending moment l b - i n . / i n .  (N-m/m) 

P load, l b  ( N )  ; p ressu re ,   ps i  (N/m ) 2 

p load,   lb / in .  (N/m) 

q/A h e a t   f l u x ,   B t u / s e c - f t  (kW/m ) 

R radius,  in. (cm) 

2 2 

RT room temperature 

t th ickness,   in .  (cm) 

V shear  load, 1 b / in .  (N/m) 

x d is tance,   in .  (crn) 

6 d e f l e c t i o n ,   i n .  (crn) 

p l a s t i c i t y   r e d u c t  

0 a n g l e   o f   r o t a t i o n  

v P o i s s o n ' s   r a t i o  

i o n   f a c t o r ;  7 = ( E ~ / E )  I / 2  

, rad ians   o r   degrees  

0 d i r e c t   s t r e s s ,   p s i  (MN/rn ) 2 

T shear   s t ress ,   ps i  ( MN/rn2) 

S u b s c r i p t s  

C 

cc 

eq 

f 

f i n  

rn 

r 

u l  t 

Y 

c o r e   ( c h e v r o n   f i n )  

c r i t i c a l   b u c k l i n g  

equ i va 1 e n t  

face   sheet  

f i n  

rneasu red 

r o l l e r   c o r r e c t i o n  

u l  t i r a t e  

y i e l d  

3 



GENERAL  CONSIDERATIONS 

C o n f i g u r a t i o n s  

Three  bas ic   conceptua l   des igns  for  hydrogen  coo led   s t ruc tu ra l   pane ls   were  
evo lved  in   the   course  of  t h e   a n a l y t i c a l   i n v e s t i g a t i o n   o f   r e f e r e n c e  1 .  Each 
o f   these  des igns  was found t o  b e   b e s t   s u i t e d   t o  a p a r t i c u l a r   r a n g e   o f   t h e r m a l  
and  pressure  loading. The three  conceptual   des igns and t h e i r  reriges o f  
a p p l   i c a b i  1 i t y   a r e  i 1 l u s t r a t e d   i n   f i g u r e  I .  Concept I i s  a s ing le  sandwich 
concep t   t ha t   comb ines   t he   l oad   ca r ry ing   s t ruc tu re  and the  heat  exchanger. 
Concept 2 i s  a two- layer   compos i te   in   wh ich  a surface  heat  exchanger i s   m e t a l -  
l u r g i c a l l y  bonded t o  a load  carry ing  panel .   Concept  3 i s  a c o o l e d   s h i n g l e  
c o n c e p t   i n   w h i c h   t h e   p r i m a r y   h e a t   e x c h a n g e r   i s   m e c h a n i c a l l y   a t t a c h e d   t o  a 
l o a d   c a r r y i n g   s t r u c t u r e   w h i c h   i s   m a i n t a i n e d   a t  a lm temperature  by a secon- 
dary  heat  exchanger. 

Two t y p i c a l   p a n e l   c o n f i g u r a t i o n s ,  shown i n   f i g u r e  2 fo rm  the   nuc leus   o f  
t h e   p r e s e n t   f a b r i c a t i o n   s t u d i e s .  The f i r s t  i s   t y p i c a l  of the  s ing le  sandwich 
concept  which  features  an  al l   Waspaloy  sandwich and u t i l i z e s  a p l a i n   f i n   c o r e  
m a t e r i a l .  The second i s   t yp i ca l   o f   t he   two   l aye r   compos i te   used   f o r   concep t  2 
and t h e   c o o l e d   s h i n g l e   f o r   c o n c e p t  3. The s t r u c t u r a l   p a n e l   f o r   t h i s   c o n -  
f i g u r a t i o n   i s   o f   I n c o n e l  718 and u t i  1 i zes  a chevron  type  web core ;   the   heat  
exchanger i s   e i t h e r   H a s t e l l o y  X o r   I n c o n e l  625  and u t i l i z e s   r e c t a n g u l a r  
o f f s e t   f i n s .  

Parent  Metals 

The parent   meta ls   used  in   the   s tudy   were   se lec ted   as   par t  o f  the   p rev ious  
s tudy   o f   re fe rence  I. Impor tant   parameters  that   were  cons idered  in   the  pre-  
v ious   s tudy   i nc luded   ope ra t i ng   t empera tu res ,   t empera tu re   d i f f e ren t i a l s ,   t he  
na ture  and magnitude o f  a p p l i e d   s t r e s s e s ,   f a b r i c a b i l   i t y ,   c o n f i g u r a t i o n  1 i f e  
and t h e i r   e f f e c t  on c o n f i g u r a t i o n   w e i g h t  and coo lan t   consumpt ion .   Ref rac tory  
a l l oys   were   spec i f i ca l l y   exc luded   f rom  cons ide ra t i on   because   o f   poo r   ox ida t i on  
r e s i s t a n c e  and  because p r o t e c t i v e   c o a t i n g s   t h a t  have  extended l i f e   o f  100 hours 
o r  more a re   unava i l ab le .   A l though   Has te l l oy  X was p r e f e r r e d   f o r   t h e   c o n c e p t s  2 
and 3 heat   exchangers  in   the  re ference I s tud ies ,  a newer  a1  ?oy,  Inconel 625, 
was a l so   sugges ted   due   t o  i t s  p o t e n t i a l   f o r   i n c r e a s e d   t h e r m a l   f a t i g u e   l i f e  
and was t h e r e f o r e   e x t e n s i v e l y   e v a l u a t e d   i n   t h e   p r e s e n t   s t u d y .  The p o t e n t i a l  
for i n c r e a s e d   f a t i g u e   s t r e n g t h  was i n d i c a t e d   b y   p u b l i s h e d   d u c t i l i t y   v a l u e s  
exceeding  those  o f   Haste1  loy X. 

Test  Tempe r a   t u   r e s  

Maximum test   temperatures  were  based  on  expected component o p e r a t i n g  
temperatures  as  they  evolved  f rom  the  reference I s t u d i e s .  The concept I 
Waspa loy   pane l   l im i ta t ion  was about 140C°F (1030'K). Thermal,   external  
p ressure ,   and  coo lan t   con ta inment   s t resses  in t h e   f i n  and f a c e   p l a t e s   a r e  

4 



s u b s t a n t i a l ,  however ,   the  govern ing  s t rength  proper ty   above 1200'F (920°k), 
t h e   s t r e s s - r u p t u r e   s t r e n g t h ,   i s   s t i l l   a d e q u a t e   a l t h o u g h   d i m i n i s h i n g   r a p i d l y  
as  temperature  increases. A maximum sur face  meta l   temperature  o f  1540'F 
( I  I IO'K) was c o n s i d e r e d   f o r   t h e   c o n c e p t  2 heat  exchanger  because  superal  loy 
s t r e n g t h   p r o p e r t i e s  and o x i d a t i o n   r e s i s t a n c e   a r e   i n a d e q u a t e  for  extended  oper- 
a t i n g   t i m e s   a t   h i g h e r   t e m p e r a t u r e s .  The maximum t e s t   t e m p e r a t u r e   o f  1600'F 
( I140'K) for  Haste l   loy  X and Inconel   625 was c o n s i s t e n t   w i t h   t h a t   c h o i c e .  
For   the  concept  2 Incone l  718 p r i m e   s t r u c t u r e ,  a  1200'F (920'K) maximum i s  
about   opt imum  consider ing  coolant   usage and w e i g h t   l i m i t a t i o n s .  The t r a n s i -  
t i o n   f r o m   y i e l d   s t r e n g t h   l i m i t e d  to c r e e p   s t r e n g t h   l i m i t e d   d e s i g n s   i s   a t   a b o u t  
1200'F (920'K)  and t h e   r a p i d   d e c r e a s e   i n   r u p t u r e   p r o p e r t i e s   a t   h i g h e r   t e m p e r a -  
tu res   i nc reases   we igh t   s ign i f i can t l y .   A l so ,   t he  maximum heat  exchanger  tempera- 
t u r e ,   w h i c h   i s   r o u g h l y   t h e  sum of  the   Incone l  718 maximum and  the  temperature 
d i f f e rence   ac ross   t he   hea t   exchanger   he igh t ,   l im i t s   t he   I ncone l  718 p o r t i o n  
a t   t h e   h i g h e r   h e a t   f l u x e s .  

B r a z i n g   A l l o y s  

The c r i t e r i a   f o r   s e l e c t i n g   b r a z e   a l l o y s   i n   t h i s   a p p l i c a t i o n  were good 
h i g h   t e m p e r a t u r e   s t r e n g t h ,   c o m p a t i b i l i t y   w i t h   t h e   p a r e n t   m e t a l   a n n e a l i n g   o r  
s o l u t i o n   h e a t   t r e a t m e n t   t e m p e r a t u r e   a n d   s a t i s f a c t o r y   b r a z i n g   c h a r a c t e r i s t i c s .  
The b r a z i n g   c h a r a c t e r i s t i c s   c o n s i d e r e d   i n c l u d e   w e t t a b i l i t y ,   f i l l e t i n g ,  amount 
o f   p a r e n t   m e t a l   i n t e r g r a n u l a r   c o r r o s i o n   a n d   a l l o y i n g   d e p t h .   I n   a d d i t i o n ,   t h e  
g e n e r a l   r e q u i r e m e n t s   f o r   m u l t i s t e p   b r a z i n g   o p e r a t i o n s   d i c t a t e   t h a t  a range o f  
b raz ing   tempera tures  be a v a i l a b l e .  Based  on  these  considerat ions,   the  fo l low- 
i ng  braze 

Paln i 

P a l n i  

N i o r o  

a l l o y s  were   se lec ted   f o r   eva lua t i on .  

r o  I ( 5 0  Au-25  Pd-25 Ni ,  2070'F ( 1410'K) braze  temperature 

r o  7 ( 7 0  Au-8  Pd-22 N i ,  1950'F ( 1340'K) braze  temperature) 

(82  Au-18 N i ,  1800'F (1260'K) braze  temperature) 

Nicrobraz  65  (23 Mn-7 Si-5  Cu-Balance N i ,  195OoF (1340'K) braze 
temperature) 

The gold-base  a l loys  have good e leva ted   t empera tu re   s t reng th  and, compared 
t o   t h e   n i c k e l - b a s e   a l l o y s ,   t h e y   h a v e   l o w e r   h a r d n e s s ,   b e t t e r   d u c t i l i t y   a n d  less 
tendency f o r   i n t e r g r a n u l a r   p e n e t r a t i o n   a n d   a l l o y i n g .  The three  braz ing  tempera-  
t u r e   p r o v i d e   c o n s i d e r a b l e   f l e x i b i l i t y   f o r   m u l t i s t e p   b r a z e   o p e r a t i o n s .   A n o t h e r  
g o l d - b a s e d   a l l o y ,   P a l n i r o  4 ( 3 0  Au-34  Pd-36 N i ,  2175'F (1460'K))was  used i n   t h e  
H a s t e l l o y  X t e s t s ,   b u t  was n o t   e v a l u a t e d   i n   c o m b i n a t i o n   w i t h   t h e   o t h e r   t h r e e  
supera l   loys.  

N i c k e l - b a s e d   b r a z i n g   a l l o y s   c o n t a i n i n g   s i l i c o n  and  boron  have good e l e v a t e d  
temperature  s t rength  and good b r a z i n g   c h a r a c t e r i s t i c s ,   b u t  one  serious  drawback 
o f  these commonly  used a l l o y s   i s  loss of p a r e n t   m e t a l   d u c t i l i t y  due t o   i n t e r -  
g ranu la r   pene t ra t i on   by   bo ron .   N ic rob raz   45  was selected  because i t  i s   n o t  as 
agg ress i ve   as   o the r   n i cke l -based   a l l oys  in  terms o f  e i t h e r   a l l o y i n g  or i n t e r -  
g ranu la r   pene t ra t i on .   N ic rob raz  65 i s   a v a i l a b l e   o n l y   i n  powder form  whereas 
b r a z e   f o i l ,   a v a i l a b l e   w i t h   t h e   g o l d   a l l o y s ,  i s  p r e f e r a b l e  because i t  g i v e s  more 
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u n i f o r m   c o v e r a g e   a n d   c a n p o s i t i o n .   I n   a d d i t i o n ,   N i c r o b r a z   6 5   i s   n o t  as s t r o n g  
nor   as   duc t i le   as   the   go ld   based  a l loys ,   however ,  i t  i s  much less  expensive 
( $ 5 / l b  vs $700/ lb)  and, f o r   t h i s  reason,   mer i ted   cons idera t ion .  

F a b r i c a t i o n  

The f a b r i c a t i o n   a p p r o a c h  used i n   t h i s  program was based  on  AiResearch 
s t a t e - o f - t h e - a r t   t e c h n i q u e s .   E x i s t i n g   t o o l   i n g ,   t o   t h e   e x t e n t   p o s s i b l e ,  was 
used  because o f   t h e  1 i m i t e d  number o f   t e s t  samples. However, th ree   impor tan t  
f a b r i c a t i o n   v a r i a b l e s   w e r e   e v a l u a t e d   w i t h   r e g a r d   t o   p l a t e - f i n   j o i n t   q u a l i t y ;  
( I )  f i n   f o r m a b i l i t y   o f  t h e   s u p e r a l l o y   m a t e r i a l s ,   ( 2 )   t h e   e f f e c t   o f   p r e s s u r e  
load ing   on   the   p la te - f in   sandwich   dur ing   the   b raz ing   p rocess ,   and ( 3 )  methods 
o f   a p p l y i n g   t h i s   l o a d i n g .  

SHEET ALLOY  PROPERTIES 

S h e e t   t e n s i l e   p r o p e r t i e s   o f  Waspaloy, I n c o n e l  718  and Inconel   625  were 
d e t e r m i n e d   f o r   c o n d i t i o n s   t y p i c a l   o f   t h e i r   u s e   i n   b r a z e d   s a n d w i c h   p a n e l s .  The 
s h e e t   a l l o y s   w e r e   s u b j e c t e d   t o   h e a t   t r e a t m e n t   c y c l e s   c h a r a c t e r i s t i c   o f   t h e  
var ious  candidate  braze  processes.   Braze  process  var iab les  inc luded  tempera-  
tu re ,   ho ld   t imes   du r ing   b raz ing ,   and   coo l i ng   ra tes   subsequen t   t o   b raz ing .  
Postbraze  heat   t reatment   cyc les  were also a p p l i e d  to i n v e s t i g a t e  Waspaloy 
s t r e n g t h   f o r  two f i n a l   a g i n g   c y c l e s   a n d   t o   e v a l u a t e   I n c o n e l  625, p r o p e r t y   v a r i a -  
t i o n s  due t o   t h e   I n c o n e l  718 a g i n g   c y c l e .   I n   a d d i t i o n ,   I n c o n e l  625 t e n s i l e  
specimens  were  coated  wi th   the  candidate  braze  a l loys t o  o b s e r v e   t h e   r e s u l t i n g  
compos i te   p roper t i es   and   f o r   compar i son   w i th   t he   uncoa ted ,   bu t   s im i l a r l y   hea t  
t r e a t e d   I n c o n e l  625  spec imens.   Sheet   mater ia l ,   w i th   th ickness  corresponding  to  
expec ted   d imens ions   fo r   fabr ica ted   pane ls ,  was s e l e c t e d   f o r   t h e   t e s t  specimens 
t o   e l i m i n a t e   p o s s i b l e   s i z e   e f f e c t s .   S i n c e   t h e   p u b l i s h e d   p r o p e r t i e s   o f   t h e  
m a t e r i a l s   a r e   g e n e r a l l y   r e p o r t e d   f o r   c o n s i d e r a b l y   l a r g e r   t h i c k n e s s e s ,   t h e  
r e s u l t s   o b t a i n e d  augment a v a i l a b l e   d a t a .   F u r t h e r m o r e ,   r e d u c t i o n   i n   a r e a   e s t i -  
ma tes   were   ob ta ined   f o r   t he   t h ree   ma te r ia l s   s ince  t h i s  p r o p e r t y   i s   n o t   a l w a y s  
r e p o r t e d ,   a n d   i n   t h i s   a p p l i c a t i o n ,   p r o v i d e s   d a t a   f o r  low c y c l e   f a t i g u e   e s t i m a t e s ,  
p a r t i c u l a r l y   f o r   I n c o n e l  625 heat  exchangers. 

The b raze   a l l oy -pa ren t   me ta l   comb ina t ions   se lec ted   f o r   eva lua t i on   were :  

Waspa 1 oy P a l n i r o  7, Nicrobraz  65 

I n c o n e l  71 8 P a l n i r o  7, N i o r o  

I nconel 625 P a l n i r o  I ,  P a l n i r o  7, N i o r o  

I m p o r t a n t   c o n s i d e r a t i o n s   a f f e c t i n g   t h e   a b o v e   c o m b i n a t i o n s   a r e   d i s c u s s e d   i n   t h e  
bu rs t   and   c reep   rup tu re   t es t   sec t i on .  
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Specimen  and  Tests 

The b a s i c   t e s t  specimen shown i n   f i g u r e  3, s i m i l a r   t o  a s t a n d a r d   t e n s i l e  
coupon, was c u t   f r o m  6 in .   (15 cm) square   shee ts   o f  0.010 in.  (0.025 cm) 
th i ckness   shee t   ma te r ia l .   The   compos i t i on   o f   t he   square   shee ts  was m e t a l l u r -  
g i c a l l y   v e r i f i e d   t o  b e   w i t h i n   s p e c i f i c a t i o n s   a n d   t h e   s i m u l a t e d   b r a z e   c y c l e   o r  
c o a t i n g   o p e r a t i o n  was p e r f o r m e d   p r i o r   t o   m a c h i n i n g   t h e  samples.  The a p p l i c a b l e  
a g i n g   c y c l e s   f o l l o w e d   t h e   f i n a l   m a c h i n i n g   o p e r a t i o n .   E x c e p t   f o r   o n e   t e s t  case, 
t h e  specimens  were  cut t o   g i v e   t r a n s v e r s e   ( r e l a t i v e  t o  r o l l i n g   d i r e c t i o n )   l o a d s  
o n   t h e   m a t e r i a l   s i n c e   t h i s   g e n e r a l l y   p r o d u c e s   t h e   l o w e s t   m a t e r i a l   p r o p e r t i e s .  
Except f o r  the   coa ted   I ncone l  625  specimens, the  e levated  temperature  coupons 
i n c l u d e d  0.04 i n .  (0.10 cm) th ickness   re in fo rc ing   tabs   wh ich   were   spo twe lded 
a t   e i t h e r  end t o   p r e v e n t   h o l e   d e f o r m a t i o n .  

A l l  o f  t h e  specimens  were  tested w i th  an   Ins t ron   Un iversa l   Tes t ing   Mach ine .  
For  t h e  room temperature  tests   the  spec imens  were  loaded  a t  a s t r a i n   r a t e   o f  
about  0.005  in./ in./min (0.00008 cm/cm/sec) to   about   one  percent   s t ra in .   The 
specimens  were  then  unloaded  and  reloaded a t  a s t r a i n   r a t e   o f   a b o u t  0.010 in . /  
in./min  (0.00016 cm/cm/sec) t o   f a i l u r e .  A t  e levated  temperatures  the  procedures 
were   the  same e x c e p t   t h a t   s t r a i n   r a t e s   o f   a b o u t  0.05 i n . / i n . / m i n  (0.0008 cm/cm/ 
sec)  were  used f o r  both  loadings.  An ex tensometer   w i th  a 500x   magn i f i ca t i on  
was u s e d   d u r i n g   t h e   i n i t i a l   l o a d i n g   t o  measure the  specimen  extensions  f rom 
wh ich   t he   s t ra ins   were   ca l cu la ted .  For the  second  loading,  d isplacement  of   the 
c rosshead  as   recorded  by   the   tes t ing   mach ine   (50x   magn i f i ca t ion)  was used t o  
d e t e r m i n e   t h e   s t r a i n .   E l o n g a t i o n   d a t a  was reduced on t h e   b a s i s  of a I - i n .  
(2.5-crn)  gage 1 ength. 

I n   a d d i t i o n   t o   t h e   s t a n d a r d   s t r e s s - s t r a i n   d a t a ,   r e d u c t i o n   i n   a r e a  measure- 
ments  were  obta ined  on  the  fa i led  spec imens.  The w i d t h  and thickness  were 
measured  about  0.05  in. (0.13 cm) f r o m   t h e   f r a c t u r e   u s i n g  a s t a n d a r d   I - i n .  
(2.5-cm)  micrometer. However, the  measur ing  technique i s  n o t   a c c u r a t e   f o r  
t h e s e   t h i n  gages  due p r i m a r i l y   t o   t h e   i r r e g u l a r i t y   o f   t h e   f r a c t u r e  and t h e  
quo ted   va lues   i n   subsequen t   t ab les   shou ld   be   cons ide red   as   an   i nd i ca t i on   ra the r  
than  an   abso lu te  measurement. 

T e s t   c o n d i t i o n s ,   t e s t   o b j e c t i v e s   a n d   q u a l i t a t i v e   r e s u l t s   o f   t h e   t e n s i l e  
t e s t s   a r e  summarized i n   t a b l e  I .  

Wa spa 1 oy 

The Waspaloy t e n s i l e   s t r e n g t h   r e s u l t s   i n   f i g u r e  4 show good agreement w i t h  
publ ished  data  and  exceeded  speci f ied minimums.  The same i s   t r u e  of room  tem- 
p e r a t u r e   e l o n g a t i o n   p r o p e r t i e s ,  however, t h e  140OoF (1030'K) e l o n g a t i o n  was 
c o n s i d e r a b l y   l o w e r   t h a n   e i t h e r   p u b l i s h e d   p r o p e r t i e s   o r   s p e c i f i e d  minimums. As 
d i s c u s s e d   b e l o w ,   t h i s   l o s s   i n   d u c t i l i t y   i s   p a r t i a l l y   a t t r i b u t e d   t o   w o r k   h a r d e n -  
in?.  A complete summary f o r  Waspaloy, i n c l u d i n g   r e d u c t i o n   i n   a r e a  measurements 
w h l c h   g e n e r a l l y   a g r e e   w i t h   e l o n g a t i o n   t r e n d s ,   i s   p r e s e n t e d   i n   t a b l e  2. The 
y i e l d  and u l t i m t e   s t r e n g t h   v a l u e s   w i t h i n  a sample a r e   v e r y   c o n s i s t e n t .  The 
e longa t ion   and   reduc t i on   i n   a rea   va lues  show more s c a t t e r   p r o b a b l y   b e c a u s e   i n  



t h i s   t h i n   s h e e t   m a t e r i a l ,   l o c a l   d e f e c t   s i z e   i n f l u e n c e s   c r a c k   i n i t i a t i o n .  
No tches ,   sc ra tches ,   g ra in   s i ze   and   l oca l   p roper t y   va r ia t i ons   a re  more impor tan t  
when t h e   s i z e   o f   t h e s e   d e f e c t s   i s  a s i g n i f i c a n t   p e r c e n t a g e   o f   s h e e t   t h i c k n e s s .  

T y p i c a l  room  and  e leva ted   tempera ture   s t ress-s t ra in   curves ,   inc lud ing   bo th  
the  extensometer   and  crosshead  readings,   are shown i n   f i g u r e  5. The 0.2  percent  
o f f s e t   y i e l d   p o i n t  and e l a s t i c   l i n e   a r e   n o t e d   f o r   t h e   e x t e n s o m e t e r   p o r t i o n  o f  
the  curve.  The shape o f   t h e  1400'F ( I O N ' K )  curve  (crosshead  reading)   suggests  
t h a t  some creep  deformat ion was reco rded   s ince   t he  maximum s t r e s s   l e v e l  was 
d i s p l a c e d   t o w a r d   t h e   l o w e r   s t r a i n   v a l u e s .  

E f f e c t   o f   b r a z i n q  and  aq inq  cyc le . -  A comparison of P a l n i r o  7 c y c l e s   t o  
t h e   r e f e r e n c e   d o u b l e - a g i n g   a t  1550' and 1400'F ( I  120' and 1030'K) o f   as- received 
ma te r ia l   i nd i ca tes   t ha t   t he   s imu la ted   b raz ing   caused   on l y   m ino r   changes   i n  
Waspaloy p r o p e r t i e s .  The 1400'F (1030'K) t e s t s ,   s i m u l a t i n g   P a l n i r o  7 w i t h  
vacuum and  hydrogen  environments, show t h a t   t h e   s l o w e r  vacuum cooldown  (about 
1500s t o  cool below IOOO'F (810'K) versus  about  480 s f o r  hydrogen)  tends t o  
d e c r e a s e   s t r e n g t h   a n d   i n c r e a s e   d u c t i l i t y .   S i m i l a r   o v e r a l l   r e s u l t s   w o u l d   b e  
e x p e c t e d   f o r   N i c r o b r a z  65 s i n c e   i t s   b r a z i n g   t e m p e r a t u r e  i s  c l o s e   t o   t h a t   o f  
P a l n i r o  7. 

The  normal  double-aging  cycle was compared t o  a s i n g l e   c y c l e   a t  1400'F 
(1030'K) s i n c e   t h e   l a t t e r   w o u l d   s i m p l i f y   f a b r i c a t i o n .  The s i n g l e - a g i n g   c y c l e  
r e s u l t e d   i n   s u b s t a n t i a l l y   l o w e r  Waspaloy  e longat ion  values  and  the  double- 
a g i n g   c y c l e  was re ta ined   i n   subsequen t   eva lua t i ons .  I f  as  surmized,  cold 
work ing  a t  the   spec imen  edges   (see   be low)   con t r ibu ted   to   the   lower   duc t i l i t y ,  
t he   doub le -ag ing   cyc le  was more e f f e c t i v e   i n   r e l i e v i n g   u n d e s i r a b l e   m a c h i n i n g  
e f f e c t s .   I n  an a c t u a l   a p p l i c a t i o n ,   t h e   p a n e l   b r a z e   o p e r a t i o n   w o u l d   f o l l o w   a n y  
mach in ing   opera t ions ,   ra ther   than  p reced ing   them  as   in   these  tes ts ,   and  the  
s ing le -ag ing   cyc le   m igh t   p rove   t o   be   accep tab le .  

Ef fect   o f   work  hardeninq. -  The  low  Waspaloy e l o n g a t i o n   a t   e l e v a t e d  tem- 
pera tures  was p a r t i a l l y   a t t r i b u t e d   t o   w o r k   h a r d e n i n g   o f   t h e  edges d u r i n g  
machining. To e l i m i n a t e   t h e   w o r k   h a r d e n i n g   c o n t r i b u t i o n ,  a two-hour, 1825'F 
(1270'K)  soak was added af ter   machin ing  the  spec imens  which  were  then  double-  
aged. I n  1400'F (IO3O'K) tes ts ,   t he   e longa t ion   i nc reased   by   abou t  100 percent,  
equal t o   s p e c i f i e d  minimum v a l u e s   ( f i g u r e  4). The y i e l d   s t r e n g t h   d e c r e a s e d  
about IO percent   bu t   exceeded  spec i f i ca t ions   whereas   the   u l t imate   s t rength  was 
u n a f f e c t e d .   S a t i s f a c t o r y   W a s p a l o y   p r o p e r t i e s   a r e   e x p e c t e d   f o r   t h i s   a p p l i c a t i o n  
s i n c e   b r a z i n g   w o u l d   h a v e   a n   e f f e c t   s i m i l a r   t o   t h e  added 1825'F (1270'K)  soak. 

A d d i t i o n a l  coupons, t r e a t e d   w i t h   t h e  1825'F (1270'K)  soak p r i o r   t o   a g i n g ,  
w e r e   t e s t e d   i n   t h e   l o n g i t u d i n a l   d i r e c t i o n .  As expec ted ,   l ong i tud ina l   p roper t i es  
exceeded  t ransverse   p roper t ies .  However, t h e   d i f f e r e n c e   i s   s l i g h t  and d i r e c -  
t i o n a l i t y  does no t   appear   to   be  a f a c t o r   f o r  Waspaloy. 
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I n c o n e l  71 8 

The I n c o n e l  718 t e n s i l e   p r o p e r t i e s   ( f i g u r e  6 )  a g r e e   f a v o r a b l y   w i t h  
pub l i shed  da ta   and  exceeded  spec i f ied  minimums f o r   a l l   t e s t   c o n d i t i o n s .  A 
summary o f   t h e   t e s t   r e s u l t s   i n   t a b l e  3 i n d i c a t e s   t h a t   p r o p e r t y   v a r i a t i o n s   w i t h i n  
each  sample  were  comparable t o  Waspaloy.  Typical room  and e leva ted   tempera ture  
s t r e s s - s t r a i n   c u r v e s   a r e  shown i n   f i g u r e  7. 

The  s imu la ted   b raze   cyc les ,   in   genera l ,   tended  to   reduce  Incone l  718 
p r o p e r t i e s   a s  compared to  the   as - rece ived   and   aged   cond i t i on   ( t ab le  I). The 
l a r g e s t   v a r i a t i o n   o c c u r r e d   i n   t h e  1200'F  (920'K) tes ts ,   where   e longat ion   va lues  
were 25 t o  30 percent  lower.  O f  t h e  two  b raze   cyc les ,   the   Pa ln i ro  7 c y c l e  
p roduced   the   l ower   s t reng th   p roper t i es ,   abou t  10 percent   less   than  N io ro .  
However, t h e   d u c t i l i t y   o f   t h e   P a l n i r o  7 case  exceeded t h a t   o f   N i o r o  by  about 
10 p e r c e n t   a t   e l e v a t e d   t e m p e r a t u r e .  

The s l i g h t l y   h i g h e r   p r o p e r t i e s   o f   t h e   a s - r e c e i v e d   m a t e r i a l ,  compared t o  
t h e   N i o r o   c y c l e  specimens, i s  a t t r i b u t e d   t o   t h e  more r a p i d   c o o l d o w n   a f t e r  
annea l ing   (annea l ing   tempera ture   and  N io ro   b raze   tempera ture   a re   the  same). 
A l though  the  hydrogen  braz ing  env i ronment  was not  evaluated,  cooldown i s  f a s t e r  
t h a n   f o r  vacuum b r a z i n g  so s l i g h t l y   h i g h e r   I n c o n e l  718 proper t ies   wou ld   be  
a n t k i p a t e d .  

I n c o n e l  625 

The u l t i m a t e   s t r e n g t h s   o f   I n c o n e l  625 specimens  general ly  exceeded  speci-  
f i e d  minimums and  pub1  ished  propert ies.  Room t e m p e r a t u r e   y i e l d   s t r e n g t h s  
exceeded   re fe rence   da ta   excep t   t ha t   w i th   t he   Pa ln i ro  I c y c l e   y i e l d   s t r e n g t h  
was about 10 t o  15 pe rcen t   l ess   t han   bo th  minimum a n d   p u b l i s h e d   v a l u e s   ( f i g u r e  8 
and t a b l e  4 ) .  A t  1400° and 16OO0F (1030O and 1140°K), y i e l d   s t r e n g t h  was 
cons is ten t ly   lower   than  pub l i shed  da ta ,  up t o  about 30  percent   in   one  case.  
The e l o n g a t i o n   p r o p e r t i e s ,   d i s p l a y e d   i n   f i g u r e  8b, t e n d   t o   a g r e e   w i t h  room 
temperature  publ ished  va lues  and  to   exceed  the minimum speci f ied,   whereas  the 
e leva ted   t empera tu re   e longa t ion  i s  s i g n i f i c a n t l y   l e s s   t h a n   t h e   p u b l i s h e d  
p r o p e r t i e s ,  a 70-percent   reduct ion  in   one  case  (no minimum i s   s p e c i f i e d   a t  
e leva ted   tempera tures) .  A p a r t i a l   e x p l a n a t i o n  may be  creep  deformat ion  which 
was e v i d e n t   i n   t h e   h i g h   t e m p e r a t u r e   s t r e s s - s t r a i n   c u r v e s   ( t y p i c a l  room and 
e l e v a t e d   t e m p e r a t u r e s   c u r v e s   a r e   p r e s e n t e d   i n   f i g u r e  9). Since  c reep  rup ture  
g e n e r a l l y   o c c u r s   f o r   l o w e r   t o t a l   e l o n g a t i o n s ,   t h e   f u l l   s h o r t - t i m e   e l o n g a t i o n  
may not  have  been  real   ized. 

E f f e c t   o f   b r a z i n q  and  aq inq  cyc les. -  From a comparison of r e s u l t s  o f  t h e  
a s - r e c e i v e d   m a t e r i a l   t e s t s   a n d   t h o s e   w i t h   t h e   P a l n i r o  I and 7 b raze  cyc les  i t  
i s  a p p a r e n t   t h a t   t h e   o n l y  major e f f e c t  of t h e   b r a z i n g   c y c l e s   i s   t h e  50 percent  
r e d u c t i o n  of t h e   e l o n g a t i o n   o f   t h e   s p e c i m e n s   w i t h   t h e   P a l n i r o  I b r a z e   c y c l e   a t  
1600'F  (1140'K) shown i n   f i g u r e  8b. The d i f f e r e n c e   a p p a r e n t l y   i s   t h e   r e s u l t  
o f   t h e   h i g h e r   b r a z i n g   t e m p e r a t u r e  of t h e   P a l n i r o  I a l l o y ,   s i n c e   t h e   c l o s e   a g r e e -  
ment  between t h e   a s - r e c e i v e d   a n d   P a l n i r o  7 r e s u l t s   i n d i c a t e s   t h a t   c o o l i n g   r a t e  
has l i t t l e  or n o   e f f e c t   o n   I n c o n e l  625. 
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Incone l   625  i s   apparent ly   age  hardened  by   the   Incone l  718 heat   t rea tment  
a s   e v i d e n c e d   b y   t h e   h i g h e r   s t r e n g t h   a n d   l o w e r   d u c t i l i t y   o f   t h e   h e a t   t r e a t e d  
specimens r e l a t i v e  t o  t h e   a s - r e c e i v e d   s p e c i m e n s .   T h i s   i s   a t t r i b u t e d   p r i m a r i l y  
t o   t h e   8 - h r   s o a k   a t  1325OF (990°K), a l t h o u g h   t h e   a g i n g   e f f e c t   o n   I n c o n e l  625 
p r o p e r t i e s   a t   h i g h e r   t e s t   t e m p e r a t u r e s   w o u l d   d i m i n i s h .  

E f f e c t s   o f   b r a z e   a l l o y . -   I n   t h e  16OO0F ( I  140'K) b r a z e   a l l o y   c o a t i n g   t e s t s ,  
t h e   u l t i m a t e   s t r e n g t h   ( b a s e d  on t h e   o r i g i n a l   u n c o a t e d   s h e e t   t h i c k n e s s )   v a r i e d  
f rom 42 k s i   ( 2 9 0  MN/m2) f o r   P a l n i r o  I t o  52 k s i   ( 3 6 0  MN/m2) f o r   N i o r o  compared 
t o  43 k s i   ( 3 0 0  MN/m2) f o r   a s - r e c e i v e d   m a t e r i a l .   W i t h   t h e   b r a z e   c o a t i n g ,   t h e  
m a t e r i a l   u l t i m a t e   e q u a l e d ,   o r  exceeded, the  s imulated  braze  cyc le   samples,  
however, y i e l d   s t r e n g t h   v a r i a t i o n s   w e r e   n e g l i g i b l e   b e t w e e n   a n y   o f   t h e   t e s t  
coupons. E longa t ion   va lues   were   f a i r l y   cons i s ten t   be tween   the   t h ree   b raze  
coated  types,   ranging  f rom  36  to  45 percent ,   a l though  they  were much lower  than 
t h e   a s - r e c e i v e d   a n d   P a l n i r o  7 c y c l e   v a l u e s   ( b u t   s l i g h t l y   h i g h e r   t h a n   t h e   s i m u -  
l a t e d   P a l n i r o  I c y c l e   e l o n g a t i o n ) .  Measurements o f   b r a z e   a l l o y   d i f f u s i o n   i n t o  
Incone l  625 (0.0004  in.  (0.001 cm) f o r   P a l n i r o  I and  0.0007 t o  0.0010 in.  (0.0018 
t o  0.0025 cm) f o r   P a l n i r o  7 and  Nioro)  do n o t   i n d i c a t e   a n y   d e f i n i t e   t r e n d   w h i c h  
wou ld   exp la in   the   d i f fe rence  be tween  coated   and  uncoated   Pa ln i ro  I and 7 
specimens, 

B R A Z I N G  CHARACTERISTICS 

Meta l l og raph ic   examina t ions   o f   b razed   p la te - f i n   spec imens   es tab l i shed  
b r a z i n g   a n d   f o r m i n g   c h a r a c t e r i s t i c s   o f  Waspaloy, I n c o n e l  718 and  Inconel  625. 
I n   a d d i t i o n ,   t h e   e f f e c t   o f   f i n  and p l a t e   c o n t a c t   s t r e s s   v a r i a t i o n s  was i n v e s t i -  
gated. I n   t h i s  program,  the  contact   s t ress was a p p l i e d  by  deadweight  loads, 
however, a n   a l t e r n a t e  method, evacuated  envelope  loading, was b r i e f l y  examined. 

As summarized i n   t a b l e  5, t he   pa ren t   me ta l   and   b raze   a l l oy   comb ina t ions  
were   re ta ined   f rom  the   p rev ious   eva lua t i on .  Vacuum and  hydrogen  atmospheres 
were  compared w i t h  a1 1 parent  metal-braze  a1  loy  combinat ions  except  Waspaloy- 
N ic robraz  65. The hydrogen  b raz ing   env i ronment   i s   p re fe r red   because i t  
r e s t r i c t s   p r e f e r e n t i a l   e v a p o r a t i o n   o f  manganese f rom  N ic robraz  65. Hold  t imes 
o f  300 and  1200 s were  used t o   i n v e s t i g a t e   t i m e - d e p e n d e n t   a l l o y i n g ,   i n t e r -  
g r a n u l a r   p e n e t r a t i o n  and   e ros ion   e f fec ts .  

Specimen  Prepa r a t  i o n  

Geometries o f   t h e   b a s i c  2 by 3 i n .   (5   by  8 cm) samples  used i n   t h e   b r a z i n g  
e v a l u a t i o n   a r e   i n d i c a t e d   i n   F i g u r e  I O  ( s l i g h t l y   s m a l l e r ,  1.5 by  2-in. ( 4 by 
5 cm) I n c o n e l  625  specimens  were  used i n   t h e   b r a z e   p r e s s u r e   e v a l u a t i o n ) .  
F i n   g e o m e t r i e s   w e r e   s i m i l a r   b u t   n o t   n e c e s s a r i l y   i d e n t i c a l   t o   t h o s e   o f   t h e  
re fe rence   con f igu ra t i ons  of f i g u r e  2. P r i o r   t o   p a n e l   a s s e m b l y   f o r   b r a z i n g ,  
t h e  Waspaloy  and  Inconel 718  components  were n i c k e l   p l a t e d  (0.0002 t o  0.0003  in. 
(0.0005 t o  0.0008 cm) t h i c k n e s s )   t o   o b t a i n   t h e   r e q u i r e d   b r a z e   a l l o y   w e t t i n g  
a c t i o n .   I n c o n e l  625  components  were  not   n icke l   p la ted  s ince  prev ious  exper ience 
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i n d i c a t e d   t h a t  it was no t   requ i red .   Dur ing   the   assembly   opera t ion ,   wh ich  
i n c l u d e s   i n s e r t i o n   o f   t h e   b r a z e   f o i l   o r  powder, t h e  components are  spot-welded 
t o g e t h e r   t o   p r e v e n t  movement d u r i n g   b r a z i n g .   G o l d   a l l o y   b r a z e   f o i l   t h i c k n e s s e s  
o f   a b o u t  0.001 in .  (0.0025 cm) were  used  and  the  th ickness  o f   the  sprayed 
m i x t u r e   o f  f i  1 l e r  powder  and  Nicrobraz cement was about   the  same. 

Fo l low ing   b raz ing   and  f ina l   heat   t rea tment ,   photomicrographs   were   taken 
o f   t h e   p a n e l  cross sect ion.   These  photographs  were  used  to   determine  braze 
c h a r a c t e r i s t i c s   s u c h   a s   d e p t h  of b r a z e   p e n e t r a t i o n .   I n  some cases,  micrographs 
w e r e   o b t a i n e d   p r i o r   t o   b r a z i n g   t o   d e t e c t   p o s s i b l e   f i n   g e o m e t r y  changes r e s u l t i n g  
f rom  the   b raze   ope ra t i on .  

E f f e c t   o f   B r a z i n g  on M a t e r i a l s  

Waspa1oy.-  The P a l n i r o  7 a l l o y  formed  good j o i n t s  and f i l l e t s  when brazed 
w i t h  Waspaloy  as  shown i n   f i g u r e  I I .  No d i f ferences  were  noted  between  hydro-  
gen and  vacuum  environments,  however  there was a s l i g h t   i n c r e a s e   i n   d i f f u s i o n  
fo r   t he   l onger   ho ld   t ime .   A l l oy ing   dep ths   were   t yp i ca l l y   abou t   0 .0013   i n .  
(0.0033 cm) and  about 0.0004 i n .  (O.OOl0 cm) o f   i n t e r g r a n u l a r   p e n e t r a t i o n  was 
obse rved .   The   i n te rg ranu la r   pene t ra t i on  i s  somewhat greater  than  expected, 
p o s s i b l y  because o f   i n t e r a c t i o n  be tween   the   n i cke l   p la t i ng  and P a l n i r o  7 .  
D i s c o u n t i n g   t h e   c o n t r i b u t i o n   o f   i n t e r g r a n u l a r   p e n e t r a t i o n ,   t h e   a l l o y i n g   d e p t h  
was about 0.0009 in.   (0.0023 cm) compared t o   t h e   o r i g i n a l   s e p a r a t i o n   o f  0.001 i n .  
(0.0025 cm) caused  by t h e   b r a z e   f o i l  between t h e   p l a t e  and f i n  (assuming com- 
p l e t e   c o n t a c t   p r i o r   t o   b r a z i n g ) .  

I n c r e a s e d   f i l l e t i n g   w o u l d  b e   d e s i r e d   f o r   N i c r o b r a z  65, i n d i c a t i n g   t h e  
need f o r   a d d i t i o n a l   b r a z i n g  powder.  Very l i t t l e   d i f f u s i o n   o c c u r r e d   w i t h   t h i s  
a l l o y  a n d   t h e   l a c k   o f   i n t e r g r a n u l a r   p e n e t r a t i o n  shows t h a t   N i c r o b r a z  65 was 
n o t   a g g r e s s i v e   t o  Waspaloy. 

I ncone l  718.- The braze  f low ing  and f i l l e t i n g   c h a r a c t e r i s t i c s   o f   P a l n i r o  7 
were  good  as shown i n   f i g u r e  12a. The N i o r o   a l l o y  was genera l l y   comparab le   to  
P a l n i r o  7, however  recessed f i l l e t s  were  noted  ( f igure  12b).  No s i g n i f i c a n t  
d i f f e r e n c e  was noted  between vacuum and  hydrogen  brazing  or  between  the  two 
h o l d   t i m e s   f o r   e i t h e r   a l l o y .   D i f f u s i o n  was uni form,   a l though  the  depth was 
0.00025 in.   (0.00063 cm) f o r   P a l n i r o  7 compared t o  0.00015 in.  (0.00038 cm) 
f o r   N i o r o .   S i m i l a r l y ,   i n t e r g r a n u l a r   p e n e t r a t i o n  was about  0.0004  in. ( O . O O l 0  
cm) f o r   P a l n i r o  7 compared t o  0.0003 in.  (0.0008 cm) f o r   N i o r o .  The d i f f e r e n c e  
may be a t t r i b u t e d   t o   t h e   I n c o n e l  718 n i c k e l   p l a t i n g   w h i c h  may have  reacted 
more w i t h   P a l n i r o  7 due t o   i t s ' h i g h e r   b r a z i n g   t e m p e r a t u r e .  

Inconel   625.-  The b r a z i n g   p r o p e r t i e s   o f   t h e   t h r e e   a l l o y s  were  good w i t h  
no apprec iab le   d i f f e rences   no ted   f o r   e i t he r   b raz ing   env i ronmen t   o r   t he   two  
ho ld   t imes,  The d i f f u s i o n   o f   P a l n i r o  I i n t o   I n c o n e l  625 was 0.0004 in. (0.001 
cm), a b o u t   o n e - h a l f   o f   t h a t   f o r   P a l n i r o  7 and  N ioro .   D i f fus ion  was uniform, 
w i t h   m i n o r   i n t e r g r a n u l a r   p e n e t r a t i o n   o b s e r v e d .  

I 
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A s  shown by  photomicrographs i n   f i g u r e   1 3 , t h e r e   i s   c o n s i d e r a b l e   s e p a r a t i o n  
b e t w e e n   t h e   p l a t e s   a n d   f i n s ,   p r o b a b l y   b e c a u s e   o f   t h e   i n i t i a l   r o u n d e d  f i n  shape 
( f i g u r e  13a).   (The  separat ion may be  exaggerated  s ince  the  apparent   meta l  
boundary i s   s h i f t e d  b y   d i f f u s i o n  o f  t h e   f i l l e r   a l l o y   i n   t h e  g a p ) .   C a p i l l a r y  
a c t i o n  may h a v e   c a u s e d   t h e   b r a z e   a l l o y   t o   c o n c e n t r a t e   i n   t h e   i n i t i a l   r o u n d e d  
f i n   c o n t a c t   a r e a   a l t h o u g h   t h e   i o a d   d u r i n g   b r a z i n g   i s   s u f f i c i e n t   t o   e v e n t u a l l y  
i nc rease   t he   con tac t   a rea   due   t o   f i n   c reep   de fo rma t ion .  A comparison o f   t h e  
Waspaloy  and  Inconel  625 j o i n t s  i n  f i g u r e s  I I and 13, respec t ive ly ,   suppor ts  
t h i s   e x p l a n a t i o n   s i n c e   t h e   I n c o n e l   6 2 5   b r a z e   a l l o y   c o v e r s  a l ower   pe rcen tage   o f  
t h e   p o t e n t i a l   f i n - t o - p l a t e   c o n t a c t   l e n g t h .  

The a b i l i t y   o f   t h e   b r a z e   a l l o y   t o  f i l l smal l  gaps i s   o f   p r i m e   i m p o r t a n c e  
i n   d e t e r m i n i n g   a c c e p t a b l e   f a b r i c a t i o n   t o l e r a n c e s .  The r e l a t i v e   c a p a b i l i t y   o f  
t h e   v a r i o u s   a l l o y s   t o  f i l l  gaps was not  determined, however, t h e   f o l l o w i n g  
observat ions  were made f r o m   t h e   p h o t o m i c r o g r a p h s .   N i o r o   f a i l e d   t o  f i l l  a  gap 
o f  0.004  in.  (0.01 cm) i n   o n e   i n s t a n c e ,   b u t   t h i s   a l l o y  was capab le   o f   spann ing  
a 0.003 in.  (0.008 cm) spac ing .   Pa ln i ro  1 f i l l e d  a  gap o f  0.003 in.  (0.008 cm), 
whereas f i l l e d   s e p a r a t i o n s   f o r   P a l n i r o  7 d i d   n o t  exceed 0.001 i n .  (0.003 cm). 

Supera l loy  F in   Formabi  1 i t y  

I n i t i a l l y  some q u e s t i o n   e x i s t e d   a s   t o   t h e   f e a s i b i l i t y   o f   f o r m i n g  Waspaloy 
i n t o   t h e   d e s i r e d  compact f i n   a r r a y  due t o  i t s  l o w e r   d u c t i l i t y   p r o p e r t i e s   a s  
compared t o   I n c o n e l  625  and H a s t e l l o y  X .  A f i n   t h i c k n e s s   o f  0.003  in.  (0.008 cm) 
was des i   red ,   however   the   ava i lab le   fo rming   d ie  was f o r  0.004 in.  (0.01 cm) 
m a t e r i a l .   B o t h   f i n   s i z e s   w e r e   f a b r i c a t e d  on t h e   a v a i l a b l e   d i e  and  s ince   the  
0.003 in .   (0 .008 cm) f i n  was a c c e p t a b l e   ( s e e   f i g u r e  1 1 )  i t  was used i n   t h e  
subsequent  Waspaloy  evaluat ions.   Furthermore,  the  p la in 0.003 in.   (0,008 cm) 
Waspaloy f i n s  were   more   near ly   rec tangu lar   than  the  0.004 i n .  (0.01 cm) o f f s e t  
I n c o n e l  625  ones  (compare f i gures I I b and  I3a).  

Incone l  718 c h e v r o n   f i n s   i n i t i a l l y   p r e s e n t e d   f i t u p   a n d   b r a z i n g   p r o b l e m s  
s i n c e   t h e   b r a z i n g   t a b  was n o t   p e r p e n d i c u l a r   t o   t h e  web due t o   s p r i n g b a c k   d u r i n g  
f a b r i c a t i o n .  An a c c e p t a b l e   f i n  shape was achieved  by  hand  forming  the  tabs 
d u r i n g   t h e   f i t u p  and  assembly  process. However, t h e   n o n u n i f o r m i t y   o f   f i n - t o -  
t a b   a n g l e   a p p a r e n t l y   l e d   t o  gaps w h i c h   e x c e e d   t y p i c a l   f i n   h e i g h t   v a r i a t i o n s   i n  
r e c t a n g u l a r ,   p l a i n   o r   o f f s e t ,   f i n   g e o m e t r y .  

F i n  shape d i d   n o t  change d u r i n g   t h e   b r a z e   o p e r a t i o n s   i n  any  specimens. 
The o n l y   e f f e c t   r e l a t e d   t o   f i n  shape was t h e   i n c r e a s e d   s e p a r a t i o n   o f   ' * e   f i n  
a n d   p l a t e   o f   t h e   I n c o n e l  625  specimens a t t r i b u t e d   t o   t h e  rounded f i n  d t h e  
f i t  up o f   t h e   I n c o n e l  71 8 c h e v r o n   f i n s .  

E f f e c t  o f  Pressure  on  Brazing 

I n c r e a s e d   c o n t a c t   p r e s s u r e s   w e r e   i n v e s t i g a t e d   f o r   t h e   I n c o n e l  625 f i n s ,  
which had  pronounced  curvature on t h e   s u r f a c e   c o n t a c t i n g   t h e   p l a t e ,   t o   d e t e r m i n e  
i f  j o i n t   q u a l i t y  was a f f e c t e d ,  The r e l a t i v e l y   l a r g e   p l a t e  and f i n   s e p a r a t i o n  
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was undes i rab le   and   t he  f i  1 l e t s   c o u l d  be improved. I n   t h e   p r e v i o u s   b r a z e  
o p e r a t i o n s  a  1.8 p s i  ( 1 2  kN/m2) deadweight   loading  prov ided  the f i n  and p l a t e  
c o n t a c t   p r e s s u r e .   T h e   t e s t   f i x t u r e  shown i n   f i g u r e  14 a p p l i e d   l o a d i n g   p r e s s u r e s  
o f  2 t o  12 p s i  ( I 4  t o  83 kN/m2) i n  2 p s i  ( I 4  kN/mP) inc rements   on   s ix  1.5 by 
2 i n .  ( 4  t o  5 cm) Inconel   625 sampl  es. 

Me ta l   l og raph ic   examina t ion   revea led   no   d i sce rnab le   d i f f e rences   i n   b raz ing  
c h a r a c t e r i s t i c s   f o r   t h e  2 t o  12 p s i  ,( 14 t o  83 kN/m2) pressures  as shown i n  
f i g u r e  15. The p l a t e  and f i n   s e p a r a t i o n  and f i l l e t i n g   a g r e e d   c l o s e l y   w i t h   t h e  
p r e v i o u s  I .8 p s i  ( 1 2  kN/m2) va lue  o f  about 0.001 t o  0.002 i n .   ( 0 . 0 0 3   t o  0.005 
cm). There was n o   i n d i c a t i o n   t h a t   f i n   b u c k l i n g   o c c u r r e d ,   e v e n   f o r   t h e   h i g h e s t  
loading.  Based on   t hese   resu l t s ,   subsequen t   f ab r i ca t i on  was pe r fo rmed   w i th  
about 2 t o  4 p s i  ( 1 4  o r  28 kN/m2) load ing ,   depend ing   on   f i x tu r ing   cons idera t ions .  

Evacuated  Envelope  Brazing  Method 

An a l t e r n a t e  method o f   a c h i e v i n g   f i n  and p l a t e   c o n t a c t   p r e s s u r e ,   u t i l i z i n g  
an  evacuated  envelope, was evaluated.  I n   t h i s  approach,  the  panel i s  encapsu- 
l a t e d   i n  a sheet   meta l   enve lope  (see   f igure  16) which can  be  evacuated so t ha t  
atmospher ic   p ressure   p rov ides   the   b raz ing   con tac t   load .   Th is   method i s  a t t r a c -  
t i v e  because l i t t l e   o r  no f i x t u r i n g  i s  required.  Furthermore, it avoids 
undes i rab le   t empera tu re   l ags   and   m in im izes   t he rma l   expans ion   res t ra in t   wh ich  
resu l t   f rom  deadweigh t   load ings   on   la rge   pane l   sur faces .  

An Incone l   625-Pa ln i ro  I specimen was brazed  in   an  envelope  evacuated  to  
p r o v i d e  an external   pressure  o f   one  a tmosphere.  The c r o s s   s e c t   i o n   o f   t h e  
brazed sample, shown i n   f i g u r e  15c, shows t h a t   c o n t a c t   b e t w e e n   f i n  and p l a t e  
was s i m i l a r   t o   t h e   d e a d w e i g h t   r e s u l t s ,   a l t h o u g h   f i l l e t i n g  was n o t  a s  good. 
The l o w e r   b r a z e   q u a l i t y   o f   t h i s   s p e c i m e n   c o u l d  be a t t r i b u t e d   t o  a s l i g h t l y  
h igher   b raz ing   tempera ture ,  2085OF (1410°K) compared to   p rev ious   t empera tu res  
o f  207OoF ( 1410°K), and a 2 0 ° F  ( I  IOK) ove rshoo t   wh ich   l as ted   f o r   abou t  120 s. 
I n   a d d i t i o n ,  some c o l l a p s i n g   o f   f i n s   i s   e v i d e n t ,   e i t h e r  because o f   t h e   s l i g h t l y  
h i g h e r   b r a z i n g   p r e s s u r e ,   o r  a combinat ion  of   increased  temperature  and  pressure.  
The evacuated  envelope  method was n o t   g i v e n   f u r t h e r   c o n s i d e r a t i o n   i n   t h i s   p r o -  
gram  because some further  development  appeared  desirable  and  deadweight  loading 
was s a t i s f a c t o r y .  

INTERNAL PRESSURE TESTS 

Burs t   and  c reep  rup ture   tes ts   were   conducted   on   s ing le   layer   b razed  p la te -  
f i n  sandwich  specimens t o   e v a l u a t e   t h e   p r e s s u r e   c o n t a i n m e n t   p r o p e r t i e s   o f  
s e v e r a l   m a t e r i a l   s y s t e m s   a n d   t o   p r o v i d e   a i d   i n   t h e   s e l e c t i o n   o f   b r a z e   a l l o y s  
f o r   t h e   f a b r i c a t i o n   o f  specimens f o r   s u b s e q u e n t   f l e x u r a l   t e s t s .   I n   a d d i t i o n   t o  
q u a n t i t a t i v e  measurements o f   t he   p ressu re   con ta inmen t   p roper t i es ,   v i sua l ,  
microscopic ,   and  meta l lographic   examinat ions  were made t o   d e t e r m i n e   b r a z e   a l l o y  
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placement   and  quant i ty ,   parent   meta l   eros ion,   and  types of  f a i l u r e s .  The 
r e s u l t s   o f   s i m i l a r   t e s t s   w i t h   H a s t e l l o y  X spec imens  ob ta ined  in  a r e l a t e d  
p r o g r a m   a r e   a l s o   r e p o r t e d   s i n c e   b o t h   H a s t e l l o y  X and  Inconel   625  are  pr ime 
cand ida tes   fo r   the   heat   exchanger  o f  t h e  t w o  l a y e r   p a n e l   o f   f i g u r e  2b. 

Test  Specimen 

Single  layer  sandwich  specimens  were  used t o   s i m u l a t e  components o f   t h e  
r e f e r e n c e   c o n f i g u r a t i o n s   o f   f i g u r e  2. Geometries o f   t h e  2-  by 3- in.   (5-   by 
8-cm) specimens a r e   g i v e n   i n   f i g u r e  17. W i t h   t h e   e x c e p t i o n   o f   t h e   t h i c k n e s s   o f  
t h e   f a c e p l a t e s   f o r   t h e   I n c o n e l  718 specimens t h e   g e o m e t r i e s   o f   t h e   f i n s   a n d  
f a c e p l a t e s   w e r e   i d e n t i c a l   t o   t h o s e   o f   f i g u r e  2. Th icknesses   o f   t he   I ncone l  718 
specimen  faceplates  were  increased  to  0.020 i n .  ( 0 . 0 5  cm) t o   e n s u r e   t h a t   f a i l u r e  
wou ld   occu r   i n   t he   chev ron   f i ns .   Geomet r i es   o f   t he   Has te l l oy  X specimens  were 
s i m i l a r ;  however, 0.015 in.   (0.037 cm) facep la tes   and a v a r i e t y   o f   f i n s   o f   t h e  
o f f s e t   t y p e   ( f i g u r e  2b)  were  used. 

The  Waspaloy  specimens  were r e p r e s e n t a t i v e   o f   t h e   m a t e r i a l s  and  geometries 
proposed f o r  a s i n g l e   l a y e r   s a n d w i c h   ( f i g u r e  2a). These  specimens  were t e s t e d  
a t  1400'F (1030'K) t o   e v a l u a t e   t h e   p r e s s u r e   c o n t a i n m e n t   p r o p e r t i e s   u n d e r   t y p i c a l  
o p e r a t i n g   c o n d i t i o n s   a n d   t o   a i d   i n   t h e   s e l e c t i o n   o f  a b r a z e   a l l o y   f o r   s u b s e q u e n t  
f l e x u r a l   t e s t s .  The  Inconel  718  specimens  were r e p r e s e n t a t i v e   o f   p r i m e   s t r u c -  
t u r a l   p a n e l   o f  a t w o - l a y e r   s a n d w i c h   ( f i g u r e   2 b ) .   A l t h o u g h   t h i s   s e c t i o n   o f   t h e  
t w o - l a y e r   s a n d w i c h   w o u l d   p r o b a b l y   n o t   b e   p r e s s u r i z e d   i n t e r n a l l y   t h e   r e l a t i v e  
web j o i n t   s t r e n g t h   a t  1200'F (930'K) wou ld   i nd i ca te   t he   bes t   b raze  a1 l o y   f o r  
subsequen t   f l exu ra l   t es ts .  The remain ing  spec imens  were  representat ive  o f   the 
heat   exchanger   sec t ion   o f   the   two  layer   sandwich   ( f igure   2b) .  The Inconel   625-  
718 specimens  were  tested a t  12OO0F (920'K) to   eva lua te   t he   p ressu re   con ta inmen t  
p r o p e r t i e s   o f   t h e   c o l d e r   h e a t   e x c h a n g e r   j o i n t   n e a r   t h e   p r i m e   p a n e l   a n d   t h e   a l l  
I n c o n e l  625 spec imens  were   tes ted   a t  16OO0F ( I  I40'K) t o   e v a l u a t e   t h e   c o n t a i n m e n t  
p r o p e r t i e s   o f   t h e   j o i n t   n e x t   t o   t h e   h o t   s u r f a c e .  The H a s t e l l o y  X specimens 
w e r e   t e s t e d   a t  room temperature,  1200'F (920°K), 1500'F ( 1090°K),  and 1600'F 
( I I40'K). 

Braz ing   Cond i t ions  

The f o u r   b r a z e   a l l o y s   e v a l u a t e d   p r e v i o u s l y  were  retained,  however  braze 
c o n d i t i o n s   w e r e   l i m i t e d   t o   t h o s e   p r o v i d i n g  a des i red  compar ison  or  a range  of 
s t r e n g t h   p r o p e r t i e s .   I n   c a s e s   w h e r e   t h e   b r a z i n g   c o n d i t i o n s   w e r e   u n l i k e l y   t o  
have a l a r g e   i n f l u e n c e  on s t rength ,   the   cond i t ions   expec ted   to   p roduce  the  
l o w e s t   p r o p e r t i e s   w e r e   p r e f e r r e d .  

Waspaloy  panels. - Due t o  i t s  good s t r e n g t h   a n d   c o m p a t i b i l i t y   w i t h   t h e  
Waspaloy  heat  t reatment,   Palniro 7 was eva lua ted   fo r   two  b raze   cond i t ions ,  
vacuum and  hydrogen  brazing. A range o f  Waspa loy   s t rength   p roper t ies   wou ld  
be expected  s ince  the  s lower  vacuum cooldown  lowered  Waspaloy  propert ies  as 
compared t o  hydrogen  brazing. I n   a d d i t i o n ,   i n c l u s i o n   o f   h y d r o g e n   b r a z i n g  
prov ides  a compar ison  w i th   N ic robraz  65 which was b razed   i n   hyd rogen   to  
r e s t r i c t   t h e   e v a p o r a t i o n   o f  manganese. P a l n i r o  I was compared t o   P a l n i r o  7 
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because o f   i t s   p o t e n t i a l l y   g r e a t e r   c r e e p   r u p t u r e   s t r e n g t h .   A l t h o u g h   t h e  
b r a z i n g   t e m p e r a t u r e   f o r   P a l n i r o  I (2070OF (1410'K))  exceeds t h e  maximum 
recomnended s o l u t i o n   h e a t   t r e a t m e n t  for  Waspaloy (1975OF (135OOK)).  Recent 
e x p e r i e n c e   w i t h   t h i s   a l l o y ;   i n d i c a t e d   t h a t  i t  .did not   degrade the Waspaloy 
p r o p e r t i e s   a t  1300°F (980  K).  The comnon 1200 s ho ld   t imes  represent   con-  
s e r v a t i v e l y   t h e   t i m e   f o r   t e m p e r a t u r e   s t a b i l i z a t i o n ,   a n d   w o u l d   h a v e   t h e   e f f e c t ,  
i f  any, o f   r e d u c i n g  Waspaloy p r o p e r t i e s .  

I ncone l  718 pane ls .  - P a l n i r o  7 e x h i b i t s  good s t r e n g t h   a n d   i s   c o m p a t i b l e  
w i t h   b o t h   I n c o n e l  718 and  Inconel  625. The b r a z e   c o n d i t i o n s   i n c l u d e d  vacuum 
b r a z i n g   w i t h  a 1200 s h o l d   t i m e   t o   g i v e   t h e   l o w e s t   I n c o n e l  718 p r o p e r t i e s  and 
hydrogen  braz ing f o r  300 s f o r   t h e   b e s t   r e s u l t s .  The l o w e r   m e l t i n g   p o i n t   a l l o y ,  
N i o r o ,   p e r m i t t e d   m u l t i - s t e p   b r a z i n g   f l e x i b i l i t y   a n d  was a backup f o r   P a l n i r o  7. 
N i o r o   p r o p e r t i e s   w e r e  compared f o r  a vacuum env i ronment   w i th  a 1200 s h o l d  
t ime.  

Inconel   625 - Incone l  718 panels .  - P a l n i r o  7 has  good h igh   tempera ture  
s t reng th   and  i t  i s   c o m p a t i b l e   w i t h   t h e  maximum recommended s o l u t i o n   h e a t  
t rea tmen t   t empera tu re   f o r   I ncone l  718.  Because  no d i f f e r e n c e  between  hydrogen 
o r  vacuum b r a z i n g  was n o t e d   f o r   I n c o n e l  625  and  only a s l i g h t   d i f f e r e n c e   f o r  
I ncone l  718, the  panels   were vacuum brazed. The 1200 s ho ld   t ime   p rov ided  a 
conserva t ive   tes t   because  bo th   paren t   meta ls   tend  to  have t h e i r   s t r e n g t h  
reduced s l i g h t l y  as   ho ld   t ime   i nc reases .   N io ro  was compared t o   P a l n i r o  7 f o r  
the   reasons   d iscussed  above  fo r   Incone l  718. 

- 1  625  panels.  - P a l n i r o  I has  good  s t rength  a t   the 1600°F  (1140°K) 
tes t   tempera ture   and  compos i te   p roper t ies   were   des i red   fo r   300  and 1200 s 
h o l d   t i m e s .   P a l n i r o  7 was i n c l u d e d   f o r  one s tep   b raz ing   o f   two   l aye r   pane ls .  
The comparison  between  these  al loys was made w i t h  a 1200 s h o l d   s i n c e   P a l n i r o  7 
b razes   nea r   t he   so lu t i on   annea l i ng   t empera tu re   o f   I ncone l   625   and   ho ld   t ime  i s  
n o t  a s i g n i f i c a n t   f a c t o r .   S i n c e   c o o l i n g   r a t e  i s  n o t  a f a c t o r   w i t h   I n c o n e l  625, 
vacuum b r a z i n g  was employed. 

F a b r i c a t i o n  

The  specimen  assembly was the  same a s   t h a t   f o r   t h e   b r a z i n g   e v a l u a t i o n .  
Fo r   t he   b raz ing   ope ra t i on  a deadweight  loading  of   about 3 p s i  (21 kN/m2) was 
used f o r   a l l   b u t   t h e   H a s t e l l o y  X specimens. For t h e   H a s t e l l o y  specimens  the 
l o a d i n g  was f rom 2 t o  6 p s i   ( 1 4   t o  42 k N / m 2 ) .  A f t e r   e x a m i n a t i o n  and p roo f  
t e s t i n g   a s   d e s c r i b e d   i n   t h e   f o l l o w i n g   s e c t i o n   t h e  specimens  were  subjected t o  
the  appropr ia te  heat   t reatment .   For   the  Waspaloy  spec imens  the  s tandard  double 
a g i n g   c y c l e  (1550OF (1120'K) f o r  4 hours, a i r  cool, 1400°F (1030'K) f o r  16  hours, 
a i r   c o o l )  was used.  Both  the  Inconel   625 - 718 and  Inconel.718  specimens  were 
s u b j e c t e d   t o   t h e   I n c o n e l  718 a g i n g   c y c l e  (1325OF (985OK)) f o r  8 hours,   furnace 
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coo l  IOO°F/hr  (56'K/hr) t o  I 150°F (895'K), h o l d   f o r  8 hours, a i r   c o o l ) .  The 
.Has te l l oy  X and I n c o n e l  625  specimens  were not h e a t   t r e a t e d .  

Pre l im inary   Examinat ion   and  Proo f   Tes ts  

F o l l o w i n g   t h e   b r a z i n g   c y c l e   a n d   p r i o r   t o   f i n a l   h e a t   t r e a t m e n t   e a c h  
specimen was sub jec ted   t o   an   x - ray   examina t ion   and  1000 ps i   (6890 kN/m2) room 
t e m p e r a t u r e   p r o o f   p r e s s u r e   t e s t   t o   d e t e c t   v o i d s   i n   t h e   b r a z e  or  l e a k s   i n   t h e  
specimen.  The x - r a y   e x a m i n a t i o n s   w e r e   p a r t i c u l a r l y   s u c c e s s f u l   i n   d e t e r m i n i n g  
i f  a l l   f i n s  were   b razed   because   t he   re la t i ve l y   g rea te r   dens i t y   o f   t he   go ld -  
base b r a z i n g   a l l o y s ,  compared t o   t h e   p l a t e   a n d   f i n   m a t e r i a l ,  was e a s i l y  
d e t e c t e d .   F u r t h e r m o r e ,   u n b r a z e d   f i n s   t y p i c a l l y   h a d   t h i n n e r   b r a z i n g   a l l o y  
coat ings   (about  0.001 in .   (0 .0025  cm) compared t o  about  0.0015  in.  (0.0038  cm)) 
and t h e   x - r a y   d e n s i t y   c o u l d  be a d j u s t e d   t o   d e t e c t   c o a t e d   b u t   u n b r a z e d   r e g i o n s .  
Fol lowing  heat   t reatment   the  spec imens  were  again  proof   pressure  tested.  I f  
vo ids   o r   l eaks   were   de tec ted   t he   samp les   were   genera l l y   repa i r   b razed  
a n d   r e t e s t e d   u n t i l   t h e  sample was s a t i s f a c t o r y .  

Based  on t h e   r e s u l t s   o f   t h e   p r e l i m i n a r y   t e s t s ,   m o d i f i c a t i o n s   w e r e  made t o  
t h e   t e s t  specimens  and  Nicrobraz  65 was e l i m i n a t e d   f r o m   f u r t h e r   e x a m i n a t i o n .  
The specimen mod i f i ca t i on   cons i s ted   o f   subs t i t u t i ng   one -p iece ,   rec tangu la r - f rame 
headers  (shown i n   f i g u r e  17) for  the   separa te   s ide   and end  header s t r i p s  used 
i n   t h e   i n i t i a l  specimens. The m o d i f i c a t i o n  was made t o   e l i m i n a t e   r e c u r r e n t  
l e a k a g e   p r o b l e m s   a t   t h e   c o r n e r   j o i n t s   o f   t h e   s t r i p   h e a d e r s .   N i c r o b r a z   6 5  was 
e l i m i n a t e d   a f t e r   s e v e r a l   u n s u c c e s s f u l   a t t e m p t s   t o   o b t a i n   s a t i s f a c t o r y   s p e c i m e n s .  
A f t e r   t h e   f i r s t   s e r i e s   o f  Waspa loy   pane ls   gave  unsat is fac to ry   resu l ts ,   the  
pane ls   were   rebrazed  add ing   add i t iona l   b raz ing  powder  and a f l u x   t o   i n c r e a s e  
w e t t a b i l i t y .  The b r a z i n g   q u a l i t y  improved, bu t   the   pane ls  s t i l l  cou ld   no t  
pass  the 1000 ps ig   (6890  kN/m2) room tempera tu re   p roo f   t es t .  I t  was concluded 
t h a t   b r a z i n g   t e c h n i q u e s   f o r   N i c r o b r a z  65 powder  would  have t o  be improved 
c o n s i d e r a b l y   t o   p r o d u c e   s a t i s f a c t o r y   j o i n t s  a n d   n o   f u r t h e r   e v a l u a t i o n   o f  
N ic robraz   65  was performed. 

Tests  

Table 6 shows t h e   t e s t  spec imen  evaluat ion  schedule.   Both  burst   and 
c r e e p   r u p t u r e   t e s t s   w e r e   c o n d u c t e d   f o r   a l l   c o n f i g u r a t i o n s   e x c e p t   t h e   I n c o n e l  
625-Inconel 718 pane ls   wh ich   genera l l y   s imu la te   ope ra t i ons   a t   t empera tu res  
b e l o w   t h e   t r a n s i t i o n   f r o m   y i e l d   s t r e n g t h   l i m i t e d   t o   c r e e p   s t r e n g t h   l i m i t e d  
des igns.  A minimum o f   t h r e e  samp les   were   genera l l y   t es ted   f o r   each   pa r t i cu la r  
c o n f i g u r a t i o n   t o   g i v e  some i n d i c a t i o n   o f   t e s t   c o n s i s t e n c y ;   a l t h o u g h  one o r  two 
samples  were  tested  wi th  some H a s t e l l o y  X combinat ions.  

The tes t   se tup ,  shown i n   f i g u r e  18, inc ludes  Marshal  1 Tube furnaces.  
P lat inum-IO  percent   rhodium/p lat inum  thermocouples  were  p laced  in   the chamber 
near  the  specimens f o r   f u r n a c e   c o n t r o l   w h i c h   i s   p r o v i d e d   b y  a Leeds  and 
Nor th rup   recorder .   In   add i t ion ,   two  chromel -a lumel   thermocoup les   were   spo t -  
welded t o  each  panel  and  the maximum temperature  d i f ference  observed  between 
them was 5OF (3OK). Ni t rogen  gas was used t o  p r e s s u r i z e   t h e  samples f o r  
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s h o r t t i m e   b u r s t   t e s t i n g .   F o r   t h e   c r e e p - r u p t u r e   t e s t s ,   a r g o n  was used t o  
a v o i d   a n y   n i t r i d i n g   e f f e c t s .  

The pane ls   were   hea ted   t o   t es t   t empera tu re   i n   abou t  1 hr,  and  were 
s t a b i l i z e d   a t   t e m p e r a t c r e   f o r   a t   l e a s t  900 s b e f o r e   t e s t i n g .   I n   t h e   b u r s t  
t e s t s ,   n i t r o g e n  gas pressure  was g radua l l y   i nc reased   un t i l   t he   pane l   rup tu red ,  
i . e . ,   cou ld   no t   con ta in   p ressu re .  The t e s t  t ime,   f rom  zero   p ressure   to  
f a i l u r e ,  was about 120 S .  I n   t h e   s t r e s s - r u p t u r e   t e s t s ,   a r g o n   p r e s s u r e s  
ranging  f rom  about  200 t o  1000 p s i  (1380 t o  6890 kN/m2) w e r e   s e l e c t e d   t o  
g i v e   p a n e l   f a i l u r e s   i n   t i m e s   o f  50 t o  100 h rs .   P ressu res   were   ad jus ted   t o  
gide  reasonable  specimen l i f e  i f  t h e   i n i t i a l   v a l u e s   w e r e   o u t   o f   t h e   d e s i r e d  
range.  Subsequent t o   t e s t i n g ,   t h e   p a n e l s   w e r e   s e c t i o n e d   i n   t h e   f a i l u r e  
reg ion .   Photomicrographs   were   then  ob ta ined  o f   representa t ive   c ross-sec t ions  
t o   a n a l y z e   b r a z i n g   c h a r a c t e r i s t i c s   a n d   f a i l u r e   t y p e s .   A l t h o u g h   t h e   e x a c t  
o r i g i n   o f   f a i l u r e   g e n e r a l l y   c o u l d   n o t  be p i n   p o i n t e d ,   t h e   m a j o r   f a i l u r e  mode 
and  average  b raz ing   charac ter is t i cs   were   de termined.   Photographs   o f   t yp ica l  
samples a f t e r   f a i l u r e   a r e  shown i n   f i g u r e  19.  

Resu 1 t s and 0 i scuss   ion  

R e s u l t s   o f   t h e   b u r s t   a n d   c r e e p   r u p t u r e   t e s t s   a r e  summarized i n   t a b l e s  7 
and 8, r e s p e c t i v e l y .   I n   a d d i t i o n   t o   t h e   b a s i c   t e s t   d a t a   t h e   t a b l e s   p r e s e n t  
t h e   f i n   t e n s i l e   s t r e s s   ( o b t a i n e d   b y   d i v i d i n g   t h e   p r e s s u r e   l o a d   a t   b u r s t  or  
r u p t u r e  b y  t h e   f i n   t e n s i l e   a r e a )   a n d   t h e   r a t i o   o f   f i n   t e n s i l e   s t r e s s   t o  
u l t i m a t e   o r   r u p t u r e   s t r e s s   f o r   p a r e n t   m e t a l s   a t   t h e  same c o n d i t i o n s   o b t a i n e d  
from pub1 ished  da ta   ( re fe rences  2 t o  4 ) .  

The f i n   s t r e s s   r a t i o ,   u s e d   e x t e n s i v e l y   i n   d i s c u s s i o n s   t o   f o l l o w ,  i s  a 
measure o f  t h e   o v e r a l l   e f f i c i e n c y   o f   t h e   f a b r i c a t e d  specimen  and i n d i c a t e s  
t h e   f r a c t i o n . o f   t h e   p a r e n t   m e t a l   s t r e n g t h   p o t e n t i a l   r e a l i z e d  by t h a t   c o n f i g u -  
r a t i o n .  To a t t a i n   t h e   f u l l   p o t e n t i a l   o f   t h e   p a r e n t   m e t a l   ( s t r e s s   r a t i o  = 1.0) 
t h e   f a c e   p l a t e s  and  b raze   mater ia l  must s u s t a i n   t h e   l o a d   ( i n i t i a l   f a i l u r e  must 
o c c u r   i n   t h e   f i n   m a t e r i a l ) ,   t h e   f i n   l o a d i n g  must be un i fo rm  th roughout   the  
specimen, t h e   f i n s  must  be  loaded in   pure   tens ion ,   and  the   b raz ing   and  fo rming  
p rocess   mus t   no t   deg rade   the   p roper t i es   o f   t he   f i n   ma te r ia l .   S ince   (as  
d i s c u s s e d   f u r t h e r   i n   t h e   s e c t i o n s   t o   f o l  lowj f i n  shape, th ickness,  spacing, 
and   f ace   p la te   t h i ckness   i n f l uence   t he   l oad ing   and   f ab r i ca t i on   p rocesses   can  
a f f e c t   t h e   m a t e r i a l   p r o p e r t i e s ,   t h e   s t r e s s   r a t i o s   a r e   s t r i c k l y   a p p l i c a b l e   t o  
con f igu ra t i ons   o f   i den t i ca l   geomet ry   and   cau t ion   shou ld  be e x e r c i s e d   i n  
a t t e m p t i n g   t o   a p p l y   t h e s e   d a t a   t o   o t h e r   c o n f i g u r a t i o n s .  

F a i l u r e  modes. - I n i t i a l   f a i l u r e s   o f   t h e   f a b r i c a t e d  specimens,  as  determined 
f rom  examina t ion   o f   pho tomic rog raphs   o f   f a i l ed  specimens, o c c u r r e d   i n   t h e  
b r a z e   j o i n t s  and i n   t h e   f i n s   ( s e e   f i g u r e  2 0 ) .  Th icknesses  o f   the  facesheets 
w e r e   s u f f i c i e n t   t o   p r e c l u d e   i n i t i a l   f a i l u r e s   o f   t h e   f a c e s h e e t s   t h e m s e l v e s .  
However, a s   i n d i c a t e d   i n   t h e   f o l l o w i n g   s e c t i o n s ,   t h e   t h i n   f a c e s h e e t s   c o n t r i b u t e d  
t o   t h e   f a i l u r e s   w h i c h   o c c u r r e d   i n   t h e   b r a z e   j o i n t s  and f i n s .  
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Braze j o i n t   f a i l u r e s :   B r a z e   j o i n t   f a i l u r e s   o c c u r r e d   i n   a l l   o f   t h e   t e s t s  
o f  specimens w i t h  Waspaloy o r   I n c o n e l  718 f i n s ,   i n  some o f   t h e   h i g h  tempera- 
t u r e   b u r s t   t e s t s   o f   s p e c i m e n s   w i t h   I n c o n e l  625 f i n s  and i n  a1 I o f   t h e   c r e e p  
r u p t u r e   t e s t s   o f   s p e c i m e n s   w i t h   I n c o n e l   6 2 5   f i n s .  Specimens w h i c h   f a i l e d   i n  
t h e   b r a z e   j o i n t s   r e a l i z e d   s t r e n g t h   r a t i o s   t h a t   r a n g e d   f r o m   a b o u t  0.28 t o  0.62 
i n   b u r s t   ( e x c l u d i n g   d a t a   o b t a i n e d  w i t h  the   N io ro   b raze   a l l oy )   and   f rom  abou t  
0.07 t o  0.25 i n   c r e e p   r u p t u r e .  A s  i n d i c a t e d   i n   f i g u r e  20a and b, two  types 
o f   b r a z e   j o i n t   f a i l u r e   w e r e   n o t e d .   I n  one  type, ( f i g u r e  20a), wh ich  was 
encountered  wi th   the  Waspaloy  and  Inconel  718 specimens, f a i l u r e   o c c u r r e d   a t  
t h e   i n t e r f a c e  be tween   the   b raze   ma te r ia l   and   t he   n i cke l   p la t i ng   used   w i th  
t h e s e   a l l o y s   t o   p r o m o t e   w e t t i n g   b y   t h e   b r a z e   a l l o y s .   I n   t h e   o t h e r   t y p e  
( f i gu re   20b ) ,   wh ich  was encountered   w i th   the   Incone l   625 specimens, f a i l u r e  
o c c u r r e d   i n   t h e   b r a z e   m a t e r i a l .   T h i s   l a t t e r   t y p e   o f   f a i l u r e  i s  c l o s e l y  
a s s o c i a t e d   w i t h   t h e   s t r e n g t h   a n d  shape o f   t h e   b r a z e   f i l l e t .  The increased 
c r o s s - s e c t i o n a l   a r e a   o f   t h e   f i l l e t  i s  r e q u i r e d   t o  compensate f o r   t h e   l o w e r  
s t r e n g t h   o f   t h e   b r a z e   a l l o y   r e l a t i v e   t o   t h e   f i n   m a t e r i a l   a n d   t o   o f f s e t   b e n d i n g  
s t r e s s e s   i n   t h e   f i l l e t .   B e n d i n g   s t r e s s e s   a r e   i n d u c e d   i n   t h e   j o i n t   b y   b e n d i n g  
moments i n   t h e   f a c e s h e e t s   w h i c h   a r e   f u n c t i o n s  o f  t h e   f i n   s p a c i n g  and  facesheet 
th ickness .   Bend ing   s t resses  may a l s o   r e s u l t   f r o m   t h e   e f f e c t s   o f   t e n s i l e   l o a d s  
on a p o o r l y  shaped f i n   o r   f r o m  a p o o r l y  shaped f i  1 l e t   w h i c h  does n o t   p r o v i d e  
a d i r e c t   l o a d   p a t h   t o   t h e   f i n .  

F i n   f a i l u r e s :   F i n   f a i l u r e s   o c c u r r e d   i n  some o f   t h e   b u r s t   t e s t s   o f  
specimens w i t h   I n c o n e l  625 f i n s  and i n   b o t h   t h e   b u r s t   a n d   c r e e p   r u p t u r e   t e s t s  
of  specimens w i t h   H a s t e l l o y  X f i n s .  Specimens w h i c h   f a i l e d   i n   t h e   f i n   m a t e r i a l  
( f i g u r e  20c) r e a l i z e d   s t r e n g t h   r a t i o s   f r o m  0.37 t o  0.90 i n   b u r s t   a n d   f r o m  
0.34  t o  0.48 i n   c r e e p   r u p t u r e .   I n   a d d i t i o n   t o   b e i n g   d i r e c t l y   d e p e n d e n t  upon 
t h e   e f f e c t s   o f   p r o c e s s i n g  on t h e   m a t e r i a l   p r o p e r t i e s ,   t h e   s t r e n g t h   o f   t h e  
s p e c i m e n s   w h i c h   f a i l e d   i n   t h e   f i n   m a t e r i a l  may be in f luenced  by   nonun i fo rm 
l o a d   d i s t r i b u t i o n s   i n d u c e d   b y   p o o r l y  shaped f i n s   ( s e e   a p p e n d i x  A ) ,  l o c a l i z e d  
braze  imper fec t ions   o r   by   f in   bend ing   s t resses   wh ich ,   as   in   the   case  o f   the  
b r a z e   j o i n t   s t r e s s e s ,   a r e  dependent  upon f i n   s p a c i n g   a n d  shape, facesheet  
th ickness,  and  braze f i l l e t  shape  and q u a l i t y .   S e n s i t i v i t y   o f   t h e  specimens 
t o   l o a d   n o n u n i f o r m i t y  and  bending  loads i s   a l s o  dependent  upon f i n   h e i g h t  
a n d   m a t e r i a l   d u c t i l i t y   s i n c e   t a l l e r  more d u c t i l e   f i n s  can r e l i e v e   t h e   l o c a l i z e d  
l o a d i n g   t h r o u g h   p l a s t i c   d e f o r m a t i o n .  

B u r s t   t e s t s . -   I n   g e n e r a l ,   t h e   c o n s i s t e n c y   o f   t h e   b u r s t   s t r e n g t h   d a t a  
p r e s e n t e d   i n   t a b l e  7 i s  good w i t h   t h e  maximum v a r i a t i o n   w i t h i n  a g i ven   se t   o f  
samples u s u a l l y   l e s s   t h a n  20 p r e s e n t .   E x c e p t i o n s   t o   t h i s  may be a t t r i b u t e d  
t o   t e s t   t i m e   v a r i a t i o n s   w h i c h   a r e   i m p o r t a n t   a t   e l e v a t e d   t e m p e r a t u r e s  where 
c reep  de format ion   occurs .  

Waspaloy: The Waspaloy  specimen.s r e a l i z e d   f r o m  28 t o  34 p e r c e n t   o f   t h e  
parent   meta l   s t rengths .  The r e s u l t s   i n d i c a t e   t h a t  vacuum brazed  specimens 
were   s l igh t ly   s t ronger   than  hydrogen  b razed  spec imens  and  tha t   Pa ln i ro  I 
brazed  specimens  were s l i g h t l y   s t r o n g e r   t h a n   t h o s e   b r a z e d   w i t h   P a l n i r o  7 .  
S i n c e   f a i l u r e s   o c c u r r e d   a t   t h e   i n t e r f a c e  between t h e   b r a z e   a i l o y   a n d   t h e  
n i c k e l   p l a t i n g ,   t h e   h i g h e r   s t r e n g t h   o f   t h e  vacuum brazed  specimens i s  p robab ly  
t h e   r e s u l t   o f   s l i g h t l y   g r e a t e r   d i f f u s i o n   o f   t h e   b r a z e   a l l o y   t h r o u g h   t h e  
n i c k e l   p l a t i n g   i n t o   t h e   p a r e n t   m e t a l  due t o   t h e   l o n g e r   t i m e   a t   t e m p e r a t u r e  



f o r  vacuum b raz ing   ( s lower   coo ldwn   ra tes )   and  due to   t he   h ighe r   t empera tu res  
f o r   t h e   P a l n i r o  1 b r a z e   a l l o y  (207OOF ( 1 4 1 0 O ~ )   v e r s u s   1 9 5 0 ' ~   ( 1 3 4 0 0 ~ ) ) .  

I ncone l  718: The Incone l  718 spec imens   b razed   w i th   N io ro   rea l i zed   on l y  
about 1 1  percent  of   the  parent  metal   strength;   whereas  the  specimens  brazed 
w i t h   P a l n i r o  7 r e a l i z e d   f r o m   3 0   t o  45   percent   o f   the   paren t   meta l   s t rength .  
I n  v i e w   o f   t h e   e s p e c i a l   l y   p o o r   p e r f o r m a n c e   o f   s p e c i m e n s   b r a z e d   w i t h   N i o r o ,  
t h i s   a l l o y  was e l i m i n a t e d   f r o m   f u r t h e r   s t u d y .  The poor  performance was 
a t t r i b u t e d   t o   r e c e s s e d   b r a z e d   f i l l e t s   ( p r e v i o u s l y   n o t e d   i n   t h e   b r a z e   e v a l u a t i o n ,  
see f i g u r e  12) wh ich   i nduce   h igh   bend ing   s t resses   i n   t he   f i ns   and   j o in t s  due 
t o  t h e  i n d i r e c t   l o a d   p a t h s .  The brazing  atmosphere  had l i t t l e   e f f e c t  on  the 
s t r e n g t h   o f   t h e  specimens  brazed w i t h   P a l n i r o   7 ;   a l t h o u g h ,   i n   c o n t r a s t   t o   t h e  
Waspaloy  resul ts ,   the  hydrogen  braze  cyc le   produced  s l ight ly   s t ronger   spec imens.  
Specimens h e l d   a t   t h e   b r a z i n g   t e m p e r a t u r e   f o r  1200  seconds  were  stronger  than 
t h o s e   h e l d   a t   b r a z i n g   t e m p e r a t u r e   f o r  300 seconds, a r e s u l t   w h i c h   i s   a p p a r e n t l y  
due t o   g r e a t e r   d i f f u s i o n   o f   t h e   b r a z e   a l l o y   t h r o u g h   t h e   n i c k e l   p l a t i n g .   I n  
v i e w   o f   t h e   a p p a r e n t   d i f f i c u l t y   i n   o b t a i n i n g   a d e q u a t e   p e n e t r a t i o n   o f   t h e   n i c k e l  
p l a t i n g   b y   t h e   b r a z e   a l l o y ,  i t  a p p e a r s   t h a t   e l i m i n a t i o n  o f  t h e   p l a t i n g   m i g h t  
improve  the  performance o f  both  the  Waspaloy  and  Inconel 718 specimens i f  
adequa te   we t t i ng   by   t he   b raze   a l l oy  can be o b t a i n e d   w i t h o u t   t h e   p l a t i n g .  

I ncone l  625: Specimens w i t h   I n c o n e l   6 2 5   f i n s   r e a l i z e d   f r o m  46 t o  71 per -  
cen t   o f   t he   pa ren t   me ta l   s t reng th .  AS w i t h   t h e   I n c o n e l  718 specimens,Inconel 
625  specimens  brazed w i t h   N i o r o  gave i n f e r i o r   r e s u l t s .   F a i l u r e s   i n  specimens 
b r a z e d   w i t h   P a l n i r o  7 t r a n s i t i o n e d   f r o m   t h e   f i n s   t o   t h e   b r a z e   j o i n t s   a s   t h e  
t e s t   t e m p e r a t u r e  was increased  f rom 12OOo F (920' K) t o  1600' F ( I  140' K ) .  
However, t h e   s t r e s s   r a t i o s   w e r e   a p p r o x i m a t e l y   t h e  same at   both  tempera-  
t u r e s .  A t  t h e  1600° F ( I  140' K) tes t   tempera ture   spec imens  b razed  w i th  
P a l n i r o  i were   cons i s ten t l y   s t ronger   t han   t hose   b razed   w i th   Pa ln i ro  7 as  might  
be e x p e c t e d   w i t h  a b r a z e   a l l o y   w h i c h  has a h igher   b raz ing   tempera ture .  The 
shor te r   b raze   t ime ( 3 3 3  S )  y ie lded  spec in lens  wi th   h igher   average  s t rength  and 
t h e   f a i l u r e s   o c c u r r e d   i n   t h e   f i n s .  The s c a t t e r   i n   t h e   d a t a   f o r   t h e   t h r e e  
specimenswith  the 1200 s braz ing   t ime  may be  due t o   v a r y i n g   q u a l i t y   o f   t h e  
specimens, o r   t o   c r e e p   e f f e c t s   r e s u l t i n g   f r o m   s l i g h t   v a r i a t i o n s   i n   t e s t   t i m e  
o r  temperature.  The i n e b i   l i t y   o f  s p e c i m e n s   w h i c h   f a i l e d   i n   t h e   f i n   t o   a t t a i n  
f u l l   t h e o r e t i c a l   s t r e n g t h  may be  due t o   c r e e p   e f f e c t s   o r   r e d u c e d   m a t e r i a l  
p r o p e r t i e s ;  however, i t  i s  suspec ted   tha t   bend ing   s t resses   induced  by   the   th in  
face  sheet (0.010 in .   (0 .025  cm))   and  by   rounded  corners   o f   the   f ins   (see  
f i g u r e  15) a r e   p r i m a r i l y   r e s p o n s i b l e   f o r   t h e   r e d u c e d   p e r f o r m a n c e .  

H a s t e l   l o y  X :  A l a r g e   v a r i e t y   o f   H a s t e l l o y  X specimens  were  invest igated. 
These s p e c i n e n s ,   w h i c h   g e n e r a l l y   f a i l e d   i n   t h e   f i n   m a t e r i a l ,   r e a l l z e d   f r o m  
37 tc; 91 percent  of the   pa ren t   me ta l   s t reng th .   Seve ra l   de f i n i t e   t rends   can  
be n o t e d   i n   t h e   H a s t e l l o y  X data   wh ich   a re  summarized i n   t a b l e  7b. The 
specimens w i t h  more c l o s e l y  spaced f i n s   c o n s i s t e n t l y  gave  h igher   average  burst  
s t reng ths .   Th i s  i s  t o  be expec ted ,   s ince   c loser   spac ing   reduces   p la te   bend ing  
s t resses  and, s i n c e   e a c h   f i n   c a r r i e s  a s m a l l e r   f r a c t i o n   o f   t h e  load,  reduces 
t h e   s e n s i t i v i t y   o f   t h e   s p e c i m e n s  to d e f e c t i v e   f i n s  o r  l oca l i zed   b raze   imper fec -  
t i ons .   I nc reased   ho ld   t imes   a t   b raze   t empera tu re  f rom 300 t o  1200 s gave  lower 
s t r e n g t h s   i n  211 cases and, i n   compara t i ve   t es ts ,   t he   ave rage   l oss  in  b u r s t  
s t r e n g t h  was about  33  percent.  Decreased f i n   t h i c k n e s s   i n c r e a s e d   t h e   f r a c t i o n  



o f   t h e   p a r e n t   m e t a l   s t r e n g t h   t h a t   c o u l d  be ob ta ined ,   apparen t l y   t h rough   be t te r  
f o r m e d   f i n s .   F o r  example, a decrease i n   f i n   t h i c k n e s s   f r o m  0.006 i n .  (0.015 cm) 
t o  0.004 i n .  (0.010 cm) r e s u l t s   i n  a n   i n c r e a s e   i n   s t r e s s   r a t i o   f r o m  0.57 t o  
0.85. I n  a s ing le   compar ison ,   inc reas ing   b raze  a1 l oy   shee t   t h i ckness  from 
0.0005 t o  0.001 i n .  (0.0013 t,o 0.0025 cm), gave a 50 percent   s t rength  impro* /e-  
ment;  however, t h i s  may be p a r t i a l l y   a t t r i b u t e d   t o   t h e   s t r e n g t h   o f  a c o a t i n g  
o f   b r a z e   a l l o y  on  the f i n   w h i c h  was n o t   c o n s i d e r e d   i n   c o m p u t i n g   f i n   s t r e s s .  
It was n o t e d   t h a t   t h e   b r a z e   a l l o y   f o r m e d  a s i g n i f i c a n t   c o a t i n g  on the  0 .002  in .  
(0.005 cm) f i n s  used i n   t h i s   c o m p a r i s o n .  

Creep  rupture  tests .  - The creep  data  are  summar ized  in   tab le 8, and  the 
v a r i a t i o n s   o f   r u p t u r e   s t r e s s   w i t h   t i m e   a r e   p r e s e n t e d   i n   f i g u r e s  21 through 2 4 .  
The average f i n   s t r e s s   t o   p u b l i s h e d   s t r e n g t h   r a t i o s   i n   t h e   t a b l e   w e r e   o b t a i n e d  
f r o m   t h e   f i g u r e s   ( t h e   t e s t   d a t a  1 i nes   a re  drawn  para1  le1 t o   t h e  pub1 ished 1 i n e  
u n l e s s   t h e   t e s t s  showed a d e f i n i t e   t r e n d   o t h e r w i s e ) .  The average  s t rength  
r a t i o s   w e r e  0.08, 0.1 I , 0.22  and 0 . 4  f o r  Waspaloy, I ncone l  718, I ncone l  625, 
and  Haste l   joy  X, r e s p e c t i v e l y .  These r a t i o s   a r e   c o n s i s t e n t l y   l e s s   t h a n   t h e  
b u r s t   s t r e n g t h   r a t i o s ,   i n d i c a t i n g   t h a t   p a n e l   r u p t u r e   c a p a b i l i t y  must be eva l -  
u a t e d   f o r   h i g h   t e m p e r a t u r e   d e s i g n   s i n c e   t h e   b u r s t   s t r e n g t h  does n o t   c o r r e l a t e  
t o   c r e e p   s t r e n g t h   i n   t h e   p l a t e - f i n   s t r u c t u r e .  

The reduced  capabi 1 i t y   o f   t h e   p l a t e - f i n   s t r u c t u r e s   i n   c r e e p   r u p t u r e ,  
compared t o   b u r s t ,  i s  a t t r i b u t e d   t o   p o s s i b l e   d i f f e r e n c e s   i n   t h e   e f f e c t s   o f  
p rocess ing  on c r e e p   s t r e n g t h   a n d   f a i l u r e  mechanism  and t o   i n c r e a s e d   s e n s i t i v i t y  
o f   t h e   s t r u c t u r e s  t o  m i n o r   f i n   i m p e r f e c t i o n s .   I n   c r e e p ,   t h e   l o a d i n g s   a r e   w i t h -  
i n   t h e   e l a s t i c   r a n g e   o f   t h e   m a t e r i a l ;   c o n s e q u e n t l y ,   r e l a t i v e l y   l a r g e   s t r e s s  
inc reases  accompany f i n   d e f o r m a t i o n s   r e q u i r e d   t o  accommodate any  minor  imper- 
f e c t i o n s -  By c o n t r a s t ,   l o a d i n g s   i n   t h e   b u r s t   t e s t s   a r e   i n   t h e   p l a s t i c   r a n g e  
and r e l a t i v e l y   s m a l l   s t r e s s   i n c r e a s e s  accompany the   de format ions .  Because 
c r e e p   l i f e  i s  a s t r o n g   f u n c t i o n   o f   s t r e s s   l e v e l ,   t h e   i n i t i a l   h i g h   s t r e s s   l e v e l  
r e s u l t i n g   f r o m   i m p e r f e c t i o n  will cause much more damage t o   t h e   h i g h l y   l o a d e d  
f i n s   t h a n   t o   t h e   a d j a c e n t   f i n s .   S i n c e   t h e  damage i s  accumulative, i t  cannot 
be recovered  th rough  subsequent   c reep  re laxa t ion .   Fur thermore ,   mater ia l  
p l a s t i c   d e f o r m a t i o n s  due t o   c r e e p   t e n d   t o  be l e s s   t h a n   t e n s i l e   e l o n g a t i o n s   a t  
f r a c t u r e ,   l o w e r i n g   t h e   r e l a t i v e   c a p a b i l i t y   f o r   r e d i s t r i b u t i o n   i n   t h e   c r e e p  
case. 

Waspaloy  and  Inconel  718: The t r e n d s   n o t e d   i n   t h e   b u r s t   t e s t s   w i t h  
Waspaloy  and  Inconel 718 were   dup l i ca ted   in   the   c reep  tes t ing .   Waspa loy  
panels  showed somewhat g r e a t e r   s t r e n g t h  when b razed   i n  vacuum and  Paln i   ro  I 
gave b e t t e r   r e s u l t s   t h a n   P a l n i r o   7 .  It was no ted   t ha t   Waspa loy   g ra in   s i ze  
was s l i g h t l y   l a r g e r  when P a l n i r o  7 was b razed   i n  vacuum r a t h e r   t h a n   i n  hydrogen, 
probably  because of t he   s lower   hea t ing   and   coo l i ng   ra tes   o f   t he  vacuum env i ron -  
men t .   S ince   l a rge r   g ra ins   t end   t o   i nc rease   t he   s t ress - rup tu re   p roper t i es   o f  
Waspaloy, t h e   r e s u l t s  on f i g u r e  21 a r e   c o n s i s t e n t   w i t h ,  and m y  be a t   l e a s t  
p a r t l y   a t t r i b u t e d   t o   t h i s   e f f e c t .   I n c o n e l  718 b r a z e d   w i t h   P a l n i r o  7 was 
s t ronger   a f te r   hyd rogen   b raz ing  and the   inc reased  ho ld   t ime  in   hydrogen  improved 
s t r e n g t h .  

20 



I 

I ncone l  625: I n   t h e  1600' F ( I  140' K) I ncone l  625 t e s t s ,   t h e   P a l n i   r o  I 
a l l o y   b r a z e d   f o r  1200 s gave  the   h ighes t   c reep  s t rength .  The s h o r t e r   h o l d  
t i m e   r e s u l t e d   i n  an 18 percent   lower   s t rength,  a r e v e r s a l   o f   t h e   t r e n d  
e x h i b i t e d   i n   b u r s t   t e s t s .  The P a l n i r o  7 a l l o y  showed a 21 percent   lower  
s t r e n g t h   t h a n   P a l n i r o  1 ,  c o n s i s t e n t   w i t h   t h e   b u r s t   t e s t s .   I n   s i n   l e   p o i n t  
t e s t s   a t  1400' F (1030' K) t h e   t r e n d s   n o t e d   f o r   t h e  1600' F (1140 K) creep 
t e s t s   a r e   d u p l i c a t e d   a s  shown by   t he   rup tu re   t imes   a t  a I O  k s i  ( 6 9  MN/m2) 
f i n   s t r e s s   l e v e l .  

% 

H a s t e l l o y  X:  The H a s t e l l o y  X specimens f a i l e d   i n   t h e   f i n   a t   h i g h e r  
s t r e s s   r a t i o s   t h a n   t h e   o t h e r   a l l o y s .   F u r t h e r m o r e ,   t h e   a b s o l u t e   s t r e n g t h  
o f   H a s t e l l o y  X exceeded t h a t   o f   I n c o n e l  625 as shown by  the  compar ison  in  
f i g u r e  24. The u s e   o f   t h e   h i g h e s t   m e l t i n g   p o i n t   a l l o y ,   P a l n i r o  4 f o r   t h e  
m a j o r i t y   o f   t h e   H a s t e l l o y  X t e s t s  i s  a poss ib le   exp lana t ion   f o r   t he   improved  
performance;  however, 1 i m i t e d   t e s t s   w i t h   P a l n i  ro  I and H a s t e l l o y  X d i d   n o t  
r e s u l t   i n   s i g n i f i c a n t  loss i n   r u p t u r e   s t r e n g t h   ( t h e   u s e   o f   s l i g h t l y   i n c r e a s e d  
b r a z e   a l l o y   t h i c k n e s s  may c o n t r i b u t e  t o  t h e   c o m p a r a t i v e l y  good  performance o f  
P a l n i r o  I compared t o   P a l n i r o  4). The H a s t e l l o y  X c r e e p   r e s u l t s  showed about 
a 50 p e r c e n t   l o w e r   s t r e n g t h   r a t i o   t h a n   t h e   b u r s t   r e s u l t s  and, i n   genera l ,  
showed l e s s   v a r i a t i o n  between t e s t s   t h a n   t h e   b u r s t   t e s t s ,   a l t h o u g h  some o f  
t h e  same. e f f e c t s  can  be no ted .  The c l o s e r  spaced f i n s  had  improved  s t rength 
w i t h   t h e   e x c e p t i o n   o f   t h e  0.036 i n .  (0.091 cm) spac ing   case  wh ich   d id   no t  
form  as  square a f i n .  As f o r   t h e   b u r s t  case, increased  ho ld  t ime  decreased 
.strength,  and  decreased f i n   t h i c k n e s s   i n c r e a s e d   t h e   p e r c e n t a g e   o f   t h e   p a r e n t  
m e t a l   s t r e n g t h   a t t a i n e d .  

Alloy system  se lect ion. -  The t e s t s   i n d i c a t e   t h a t   t h e   P a l n i r o  I a l l o y  
g ives  the  s t rongest   Waspaloy  panels   for   in ternal   pressure  conta inment   based 
on b o t h   c r e e p   r u p t u r e   ( f i g u r e  2 1 )  and b u r s t   s t r e n g t h   ( t a b l e  7 ) .  P a l n i r o  I 
was t h e r e f o r e   s e l e c t e d   f o r   t h e   f l e x u r e   t e s t s .   C o n t a i n m e n t   s t r e n g t h  was a 
smal 1 f r a c t i o n . o f   t h e o r e t i c a l   c a p a b i l i t y ,  however, i n t e r n a l   p r e s s u r e   c o n t a i n -  
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i s   o f  secondary   impor tance   i n   s ing le - l aye r   pane ls   p r imar i l y   because   o f  
r e l a t i v e   i n s e n s i t i v i t y   o f   p a n e l   w e i g h t   t o   f i n   s t r e n g t h .  

The b u r s t   a n d   c r e e p   r u p t u r e   t e s t s   o f   I n c o n e l  718 c h e v r o n   f i n s   ( t a b l e  7 
f i g u r e  2 2 )  showed t h a t   P a l n i r o  7 gave t h e   s t r o n g e s t   j o i n t s  and t h i s   a l l o y  
s e l e c t e d   f o r   t h e   f l e x u r e   t e s t s .  Also, t h e   l o n g e r   h o l d   t i m e s   r e s u l t e d   i n  
e s t   p r o p e r t i e s  based  on bo th   t he   s t ress   rup tu re   and   bu rs t   t es ts .  

Comparison o f   t h e  two, double- layer   heat   exchanger   mater ia ls ,   Inconel  625 
H a s t e l l o y  X, a t  1600' F (1140' K) shows t h e   l a t t e r   t o  be s t r o n g e r ,   p a r t i c -  

u l a r l y   i n   c r e e p   t e s t s .  Based  on r u p t u r e   s t r e n g t h   ( f i g u r e  24) and  burst  
c a p a b i l i t i e s   ( f o r   t h e  same f i n  zeometry,  the mean burs t   p ressure  was 1880 t o  
2480 p s i  ( 13,000 t o  17,000 kN/m ) f o r   I n c o n e l  625 and 1886 t o  2690 p s i  ( I3,OOO 
and 18,500 kN/M2) f o r   H a s t e l   l o y  X )  H a s t e l   l o y  X would be the   p re fe r red   hea t  
exchanger   ma te r ia l ;  however, i n   a l  1 cases,  important  specimen  dif ferences  must 
be cons idered  wh ich   p rec lude a d i r e c t   c o m p a r i s o n   o f   t h e   t w o   m a t e r i a l s .   I n  
t h e   H a s t e l l o y  X pane ls ,   bo th   t he   Pa ln i ro  4 b r a z e   a l l o y  a n d   t h e   i n c r e a s e d   f o i l  
t h i c k n e s s   w o u l d   p r o b a b l y   c o n t r i b u t e   t o   i n c r e a s e d   f i n   s t r e n g t h .   I n   a d d i t i o n ,  
t h e   H a s t e l l o y  X face   sheet   th ickness  was 0.015 i n .  (0.038 cm) compared t o  
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Resu l ts   and  D iscuss ion  

The t e s t   r e s u l t s ,   s u m a r i z e d   i n   t a b l e  IO,  show t h a t   t h e  measured  panel 
s t i f f n e s s e s ,   y i e l d   s t r e n g t h s ,   a n d   b u c k l i n g   s t r e n g t h s  compared f a v o r a b l y   w i t h  
theo re t i ca l   es t ima tes   based  on p u b l i s h e d   p r o p e r t y   d a t a .   L o a d - d e f l e c t i o n  
c u r v e s   t a k e n   a t   c e n t e r  span, a r e  shown f o r  each  specimen i n   f i g u r e s  29 and 30. 
These   cu rves   p rov ide   t he   bas i c   da ta   f o r   de te rm in ing   pane l   s t i f f ness   and   y ie ld  
s t r e n g t h   f o l l o w i n g   d a t a   r e d u c t i o n   p r o c e d u r e s   o u t l i n e d   i n   a p p e n d i x  B .  R a t i o s  
be tween   the   t es ted   and   es t ima ted   s t reng ths   a re   a l so   p resen ted   i n   t ab le  IO f o r  
t h e   a p p l i c a b l e   d e s i g n   c r i t e r i a ,   y i e l d   s t r e n g t h   f o r  Waspaloy  and t e s t  buck1  ing 
vs t h e o r e t i c a l   y i e l d   f o r   I n c o n e l  718.  These s t rength  compar isons  are  impor tant  
fo r   pane l   we igh t   es t imates   s ince ,   as  shown i n   f i g u r e  31, v a r i a t i o n s   i n   p a n e l  
s t r e n g t h   f o r   e x t e r n a l   p r e s s u r e   l o a d i n g  can a p p r e c i a b l y   e f f e c t   r e f e r e n c e  I 
es t ima tes -  The tabu la ted   va lues   f rom 0.91 t o   g r e a t e r   t h a n  I . O  f o r   t h e   t w o  
pane ls   i nd i ca te   t ha t   t he   re fe rence  I w e i g h t   e s t i m a t e s   a r e   r e a l i s t i c .  

Pure  bendinq  tests .  - Measured y i e l d   s t r e n g t h   o f   t h e  Waspaloy  panels 
exceeded t h e o r e t i c a l   e s t i m a t e s   b y   a b o u t  40 p e r c e n t   a t  room temperature  and 
20 p e r c e n t   a t  1 400°F (1030'K). The dif ference  between  measured  and  est imated 
s t rength  can be a t t r i b u t e d   t o   s e v e r a l   f a c t o r s ;   d e v i a t i o n s   f r o m   e l a s t i c   b e n d i n g  
theo ry ,   b iax ia l   s t resses  due t o   t h e   r e s t r a i n t   o f   f r e e   b o w i n g   a c r o s s   t h e   p a n e l  
w id th ,   va r ia t i ons   f rom  pub l i shed   y ie ld   va lues ,   and   dev ia t i ons   f rom  nomina l  
d imens ions   used   f o r   t he   es t ima tes   o f   sec t i on  moment o f   i n e r t i a .  A s  shown i n  
appendix B, e las t i c   bend ing   t heo ry   underes t ima tes   t he   pane l   y ie ld  moment by 
about 8 p e r c e n t   a t   t h e  0.1 p e r c e n t   o f f s e t   e n g i n e e r i n g   y i e l d   p o i n t  and, assuming 
50 p e r c e n t   r e s t r a i n t   i n   p u r e   b e n d i n g ,   u n i a x i a l   s t r e s s   t h e o r y   u n d e r e s t i m a t e s  
y ie ld ing   by   abou t  7 p e r c e n t .   I n   a d d i t i o n ,   c o m p a r i s o n   o f   p u b l i s h e d  and t e s t  
y i e l d   v a l u e s   i n   f i g u r e  4 i n d i c a t e s   t h a t   W a s p a l o y   y i e l d   p r o p e r t i e s   i n   t h e  
as-received  and  double-aged  condi t ion  were 10 percent   greater   than  the  va lue 
f rom  re fe rence 2 .  These  combined e f f e c t s   r e d u c e   t h e  room temperature  des- 
crepancy  to   about  10 p e r c e n t ,   w e l l   w i t h i n   g e o m e t r y   v a r i a t i o n s   p a r t i c u l a r l y  
s i n c e   t h e   b r a z e   f o i l   i t s e l f   c o u l d   i n c r e a s e   s e c t i o n  moment o f   i n e r t i a   b y  
IO percent   (appendix  B ) .  A p p l i c a t i o n   o f   t h e  same c o r r e c t i o n s   t o   t h e   e l e v a t e d  
t e m p e r a t u r e   c a s e   w o u l d   i n d i c a t e   t h a t   t e s t   v a l u e s   a r e   l o w e r   t h a n   e s t i m a t e s ,  
p robab ly  due t o  c reep  de format ion .  

V i s u a l   o b s e r v a t i o n s   o f   t h e  room temperature  Waspaloy  tests showed t h a t  
unsymmetrical  bending was b e g i n n i n g   i n   t h e  0.1 p e r c e n t   p l a s t i c   s t r a i n   r e g i o n .  
Pos t - tes t   photographs   o f   the  room and  elevated  temperature  specimens  in 
f i g u r e  32 ver i f y   the   unsymmet r ica l   permanent   de format ions .   Th is   non-c i rcu la r  
de format ion  was a t t r i b u t e d   t o   r o l l e r   f r i c t i o n   w h i c h   d e v e l o p e d   a x i a l   l o a d s  
s u f f i c i e n t   t o   f l a t t e n   t h e   c e n t r a l   p a n e l   r e g i o n .  Because o f   t h i s ,  and t o   p r o -  
v ide   conse rva t i ve   s t reng th   es t ima tes ,   t he  0.1 p e r c e n t   p l a s t i c   s t r a i n   p o i n t  
was s e l e c t e d   i n   p r e f e r e n c e   t o   t h e   g e n e r a l   e n g i n e e r i n g   p r a c t i c e   o f   u s i n g   t h e  
0.2 p e r c e n t   o f f s e t .  

I n   a d d i t i o n   t o   t h e   y i e l d   p r o p e r t i e s ,   t h e   b e n d i n g   s t i f f n e s s  and f a i l u r e  
p r o p e r t i e s   o f   t h e  Waspaloy  panel  are  recorded i n   t a b l e  IO. The room tempera- 
t u r e   b e n d i n g   s t i f f n e s s  exceeded  the  theoret ica l   est imate  a l though  geometry  
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v a r i a t i o n s   c o u l d   r e a d i l y   a c c o u n t   f o r   t h e   d i f f e r e n c e .  However, a t   e l e v a t e d  
temperature,   tested  s t i f fnesses  were  less  than  the  est imate,   probably   because 
o f   c reep   de fo rma t ion .   Th i s  was subs tan t i a ted  by t h e   t h i r d  sample  which was 
t e s t e d   a t  a h i g h e r   l o a d i n g   r a t e .  The s t i f f n e s s   i n c r e a s e d   f r o m  488 and 465 
lb- in./ in. '  ( 8 6  and 82 kN-m/,n') t o  530 l b - i n . / i n . '  ( 9 3  kN-m/m'j and  compares 
more f a v o r a b l y   w i t h   t h e   c a l c u l a t e d   e s t i m a t e   o f  555 l b - i n . / i n .  (97 kN-m/m'). 
The Waspaloy  panel f a i l u r e s  were f i n   b u c k l i n g   a t  room temperature  and  face 
shee t   c reep   rup tu re   a t  1400'F (1030'K). B o t h   f a i l u r e   t y p e s  were c o n s i s t e n t l y  
i n   t h e   r e g i o n   o f   s m a l l e s t   c u r v a t u r e   n e a r   t h e  end re in fo rcement  as shown by 
t h e   o v e r a l l   f a i l e d  samples i n   f i g u r e  32 and  by  closeups i n   f i g u r e  33. Since 
f a i l u r e   o c c u r r e d   s u b s e q u e n t   t o   y i e l d i n g   i n   a l l  cases,   the  des ign  ob ject ive 
was s a t i s f i e d .  

Incone l  718 pane l   buck l ing   s t rength   exceeded  es t imated  room temperature 
y i e l d   s t r e n g t h  and  achieved 91 percent   o f   the  1200'F (920'K) t h e o r e t i c a l   y i e l d .  
The v a r i a t i o n   w i t h i n  a sample was r e l a t i v e l y   s m a l l ,  a maximum of  about 10 pe r -  
c e n t ,   c o n s i d e r i n g   t h e   n a t u r e   o f   t h e   b u c k l i n g  phenomena. The b i a x i a l   e f f e c t  
due t o   b o w i n g   r e s t r a i n t  and the   e f fec t   o f   geomet ry   var ia t ions   wou ld  be adequate 
t o   e x p l a i n   t h e   h i g h e r  room temperature  value. The o the r  two e f fec ts   ment ioned 
f o r  Waspaloy are   o f   lesser   impor tance  because  depar tu re   f rom  e las t i c   bend ing  
theo ry  i s  min imal  when face  sheet   th ickness i s  much less  than web h e i h t  and 
s i g n i . f i c a n t   m a t e r i a l   p r o p e r t y   v a r i a t i o n s   d i d   n o t   o c c u r   b e t w e e n   t e n s i l -   t e s t s  
and pub 1 i s h e d   d a t a   i n   f i g u r e  6. The lower   va lue  in   the 1 2 O O 0 F  (920°K, Lest  
was a t t r i b u t e d   t o   c r e e p   d e f o r m a t i o n   w h i c h   r e d u c e s   b u c k l i n g   s t r e n g t h .  Also, 
pr 'ed ic ted   pane l   s t rengths  based  on  the  pub1  ished 0.2 p e r c e n t   y i e l d   s t r e n g t h  
wou ld   be   expec ted   t o   s l i gh t l y   ove res t ima te   ac tua l   s t reng th   s ince   buck l i ng  
c a l c u l a t i o n s   ( a p p e n d i x  B 1 p r e d i c t   f a i l u r e   a t  0. I p e r c e n t   o f f s e t  (AS shown 
b y   t h e   l o a d - d e f l e c t i o n   c u r v e s   i n   f i g u r e  30, the 0. I p e r c e n t   o f f s e t  was reached 
i n   t h e  room temperature  tests   whereas  a t   h igh  temperature  there was o n l y  a s l i g h t  
d e p a r t u r e   f r o m   t h e   e l a s t i c   l i n e ) .  It should be n o t e d   t h a t   t h e s e   t e s t   r e s u l t s  
v e r i f y  two   impor tan t   des ign   aspec ts   f o r   t h i s   pane l   con f i gu ra t i on ;  ( I )  panel 
s t r e n g t h  based on' b u c k l i n g   a t   e n g i n e e r i n g   y i e l d  i s  a reasonable  measure - f  
u l t i m a t e   l o a d   c a p a b i l i t y  and ( 2 )  t he   f ab r i ca t i on   p rocess  is  cons is ten t   a t?d  
repeatab  le.  

The d e s i g n   b u c k l i n g  mode o f   t h e   I n c o n e l  7 1 8  panels  i s  s imul taneous  co l lapse 
o f   t h e   f a c e   s h e e t  and webs on   the   compress ion   s ide   a l though  in   the   fabr ica ted  
panel   the  opt imum  balance was not  achieved  and  the web  was e x p e c t e d   t o   i n i t i a t e  
f a i l u r e .  Web buck l   i ng  may have i n i t i a t e d   f a i l u r e ,  however,  the  apparent 
b u c k l i n g  mode  was column f a i l u r e   o f   t h e   c o m p r e s s i o n   s h e e t .   F a i l u r e   o c c u r r e d  
over a n o t c h   p l a c e d   i n   t h e   c h e v r o n   f i n s   f o r   f a b r i c a t i o n   p u r p o s e s ,   a n d   t h e  
b u c k l e   ( f i g u r e s  32 and 33) f o l l owed   the   no tches   i n  a s t r a i g h t   l i n e   a c r o s s   t h e  
w i d t h   o f   t h e   p a n e l .  Roan temperature web b u c k l i n g   s t r a i n  was e s t i m a t e d   t o  be 
0.6  percent   assuming  the  face  sheets   are  s t ronger   than  the webs due t o  
t h e   r e i n f o r c e m e n t   e f f e c t   o f   t h e   c h e v r o n   f i n   t a b s   ( a p p e n d i x  B ) .  Column 
b u c k l i n g   c a l c u l a t i o n s   f o r   t h e   u n s u p p o r t e d   r e g i o n   o f   t h e   f a c e   s h e e t s   i n d i c a t e  
than  an  unsupported  sheet  span  of 0. 12 i n .  (0.31 cm) would  a lso  produce  buck l  
a t   a b o u t   t h e  0.6 percent  strain  value.  Fai led  specimens  were  measured  and 
the   l eng th   o f   buck led   shee t  i s  fran 0. 10 t o  0. 12 i n .  (0 .25  t o  0.31 cm), agree 
w i th   t he   requ i red   unsuppor ted   l eng th  and i n d i c a t i n g  why sheet  column f a i l u r e  
may have  preceded web buck l ing .   Pane l   s t rength   migh t  have  been s l i g h t l y  
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improved i f  t h e   d e s i r e d   f a i l u r e  mode had  occurred,  however,   the  potent ia l  
improvement  would  be  small   since  the  panels had reached   the   p las t i c   reg ion  
where  buck1  ing  s t rength  decreases  rap id ly .  

The  agreement  between  measured  and c a l c u l a t e d   s t i f f n e s s e s   p r e s e n t e d   i n  
t a b l e  I O  i s  r e a s o n a b l y   c l o s e   f o r   t h e   I n c o n e l  718 panels   and  the  test   va lues 
t e n d   t o  exceed c a l c u l a t e d   e s t i m a t e s .   T h i s  i s  a t t r i b u t e d   t o   v a r i a t i o n s   f r o m  
the   nomina l   d imens ions   used  fo r   the   es t imates   and  to   poss ib le   b raze   a l loy   con-  
t r i b u t i o n s   t o   f a c e   s h e e t   t h i c k n e s s .   N o n - l i n e a r i t i e s ,   r e c o r d e d   i n   t h e   i n i t i a l  
l oad   range ,   pa r t i cu la r l y   a t   e leva ted   t empera tu res ,  were a t t r i b u t e d   t o   w a r p i n g  
o f   t h e   t e s t   f i x t u r e  and I n s t r o n   m a c h i n e   f l e x i b i l i t y .   T h i s   p o r t i o n   o f   t h e  
curve  was d e l e t e d   i n   c o m p u t i n g   t h e   s l o p e   f o r   t h e   I n c o n e l  718 pure  bending 
t e s t   a t  I 20o0F (920'K) . 

Combined  shear  and  bendinq  tests.- ~ ~. Waspaloy  panel y i e l d   s t r e n g t h  exceeded 
t h e o r e t i c a l   e s t i m a t e s  by  about 50 percent  and  also  exceeded  the  pure  bending 
t e s t   y i e l d ,   c o n t r a r y   t o   t h e o r y   w h i c h   i n d i c a t e s   t h a t  a I percent   reduc t ion  
should  occur   (appendix  B ) .  The o v e r a l l   d i s c r e p a n c y  may be a t t r i b u t e d   t o   t h e  
same f a c t o r s   d i s c u s s e d  above f o r  Waspaloy. I n   a d d i t i o n ,   t h e   a p p a r e n t   c o n t r a -  
d i c t i o n   c a n  be e x p l a i n e d  by a s s i g n i n g   f u l l   b i a x i a l   r e s t r a i n t   f o r   t h e  combined 
l o a d i n g   c a s e   ( u p   t o  15 p e r c e n t   s t r e s s   v a r i a t i o n   f o r  f u l l  r e s t r a i n t  compared 
t o  assumed 7 percent   fo r   pure   bend ing)  due t o   t h e   s o l   i d   b a r s   a d j a c e n t   t o   t h e  
h igh   s t ress   reg ion .  

The Incone l  718 combined  shear  and  bending  specimens  buckled p r i o r   t o  
reach ing   the  0.1 p e r c e n t   o f f s e t   p o i n t ,  however some p l a s t i c   d e f o r m a t i o n  was 
e v i d e n t   ( f i g u r e  30). The  mode o f   f a i l u r e  was i d e n t i c a l   t o   t h e   p u r e   b e n d i n g  
case. A comparison o f  pure  bending and  combined l o a d i n g   b u c k l i n g   s t r e n g t h s  
ind ica tes   about  a 5 p e r c e n t   r e d u c t i o n   f o r   t h e   l a t t e r ,   c o n s i s t e n t   w i t h  a 
t h e o r e t i c a l   s t r e s s   i n c r e a s e   o f   a b o u t  5 percent   for   the  combined  loading 
(appendix  B) .  

Pane l   s t i f fnesses   under   combined  load ings   agreed  c lose ly   w i th   p red ic ted  
v a l u e s   f o r   b o t h  Waspaloy  and  Inconel 718. W i th   ex te rna l   re in fo rcemen ts ,   bo th  
panel  types  were  from 7 t o  IO percen t   l ess   t han   es t ima tes   con t ra ry   t o   pu re  
bending room tempera tu re   resu l t s   wh ich  gave tes ts   resu l t s   exceed ing   es t ima tes .  
The i n t e r n a l l y   r e i n f o r c e d  Waspaloy  specimen  average s t i f f n e s s  was p r a c t i c a l l y  
the same as t h e  estimate. The m i n o r   v a r i a t i o n s   i n   s t i f f n e s s  were a t t r i b u t e d  
t o   v a r i a t i o n s   i n   g e o m e t r y  and b r a z e   a l l o y   c o n t r i b u t i o n  and are   no t   cons idered 
t o  be s i g n i f i c a n t .  

CONCLUDING REMARKS 

A comprehens ive   exper imenta l   eva lua t ion   o f   sheet   and  sandwich   pane l   spec i -  
men has  been  performed to   se lec t   ma te r ia l   sys tems   and   f ab r i ca t i on   t echn iques  
and t o   p r o v i d e   d e s i g n   d a t a   f o r   r e g e n e r a t i v e l y   c o o l e d   p a n e l s .  Specimen  con- 
f i g u r a t i o n s ,   t e s t i n g   c o n d i t i o n s ,  and supera l loy   paren t   meta l   cho ices   were  
based  on a p r e v i o u s   a n a l y t i c a l   s t u d y   o f   h y d r o g e n - c o o l e d   p a n e l s   r e p o r t e d   i n  
re fe rence  1 .  The b r a z e   j o i n i n g   p r o c e s s  was e v a l u a t e d   f o r   s e v e r a l   c a n d i d a t e  
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b r a z e   a l l o y s ,   w h i c h   c o l l e c t i v e l y   p r o v i d e   m a n u f a c t u r i n g   f l e x i b i l i t y   f o r   t h e  
des i red   pa ren t   me ta l s .  The s t u d y   i n c l u d e d   s h e e t   a l l o y   t e n s i l e   t e s t s ,   m e t a l -  
l o g r a p h i c   j o i n t   e v a l u a t i o n ,   a n d   b u r s t ,   c r e e p   r u p t u r e ,  and f l e x u r e   t e s t s   o f  
sandwich  panel  specimens. 

Room a n d   e l e v a t e d   t e m p e r a t u r e   t e n s i l e   t e s t s   o f  Waspaloy, I ncone l  718, 
and  Inconel  625 s h e e t   a l l o y s ,   s u b j e c t e d   t o   h e a t i n g   c y c l e s   t y p i c a l  of expected 
b raz ing   cond i t i ons ,  showed t h a t   t h e   s t r e n g t h   p r o p e r t i e s  were  comparable t o  
pub l i shed  va lues .  However, the  s imulated  braze  processes  tended  to  reduce 
s h e e t   a l l o y   d u c t i l i t y   p r o p e r t i e s   p a r t i c u l a r l y  f o r  Waspaloy  and Incone l  625 
specimens a t   e leva ted   t empera tu res .   I ncone l  625 t e n s i l e  specimens  coated 
w i t h   b r a z e   a l l o y   e x h i b i t e d   s i m i l a r   p r o p e r t i e s   i n   c o m p a r i s o n   t o   p u b l i s h e d  
p r o p e r t y   d a t a .  

Photomicrographs o f  b r a z e d   s p e c i m e n s   i n d i c a t e d   t h a t   j o i n i n g   q u a l i t y  was 
a c c e p t a b l e   f o r   a l l   a l l o y   c o m b i n a t i o n s ,   a l t h o u g h   t h e   N i o r o   a l l o y   f o r m e d  some 
recessed f i l l e t s   w i t h   t h e   I n c o n e l  718 chevron  f ins .   M in ima l   d i f fe rences   were  
n o t e d   f o r   v a r i o u s   b r a z i n g   t i m e s  and  hydrogen  and vacuum atmospheres. The 
behav io r   o f   the   go ld -based  a l loys  was more cons is ten t   than  the   N ic robraz   65  
powder  and i t  was concluded  that   improved  braz ing  techniques  would be requ i red  
t o   p r o c e d u r e   s a t i s f a c t o r y   N i c r o b r a z  65 j o i n t s .  The supera l loys  meta ls   formed 
adequate f i n  shapes f o r   b r a z i n g ,  however, Incone l  625 o f f s e t   f i n s  were  not 
as  square as p l a i n   r e c t a n g u l a r  Waspaloy f ins .   Dead-we igh t   b raze   load   app l i -  
c a t i o n  was s u i t a b l e   f o r   p r e s s u r e s   f r o m  1.8 t o  12 p s i  ( 1 2  t o  83 kN/m2)  based 
on  meta l lographic   examinat ion  o f   brazed  samples.  A n  a l t e r n a t e   l o a d i n g  method, 
u t i l i z i n g  an  evaucated  sheet  metal   envelope,  d id  not   improve  brazing 
c h a r a c t e r i s t i c s .  

B u r s t   p r e s s u r e s   o f  Waspaloy, Incone l  718, I ncone l  625, and H a s t e l l o y  X 
s i n g l e   l a y e r   p a n e l s  w e r e  about  30 t o  90 p e r c e n t   o f   c a l c u l a t e d   m a t e r i a l  capa- 
b i l  i t  ies  based  on  pub1  ished  propert ies.   Creep  rupture  strengths  were a 
s m a l l e r   f r a c t i o n   o f   c a l c u l a t e d   v a l u e s ,   a b o u t  IO  t o  50   percent ,   apparent ly  
because o f   t h e   l o w e r   a v e r a g e   f i n   e l o n g a t i o n   w h i c h   d i m i n i s h e d   l o a d   r e d i s t r i -  
b u t i o n  and  the  lower  braze a1 loy r u p t u r e   s t r e n g t h .  The r e l a t i v e l y   l o w e r  
s t r e n g t h s   o f  Waspaloy  and Incone l  718 were a t t r i b u t e d   t o   t h e i r   l o w e r   d u c t i l -  
i t i e s ,  n i c k e l   p l a t i n g   p r i o r   t o   b r a z i n g ,  and i n   t h e  case o f   I n c o n e l  718, 
h igher   sheet   bend ing   s t resses .  

I n   a d d i t i o n   t o   m e a s u r i n g   c o o l a n t   c o n t a i n m e n t   c a p a b i l i t y ,   t h e   s i n g l e  
l aye r   bu rs t   and   c reep   rup tu re   pane ls   p rov ided   ma te r ia l   se lec t i ons   f o r   t he  
r e f e r e n c e   c o n f i g u r a t i o n s .  The designs  were  based  on  two  cooled-panel  con- 
f i g u r a t i o n s ,  a s ing le - l aye r   sandw ich   f o r   l ow   hea t ing  and l o a d i n g   c o n d i t i o n s  
and a two- layer   panel   which  separates  the  cool ing  and  s t ructura l   funct ions 
f o r   h i g h   h e a t i n g  and load ing   cond i t i ons .   Waspa loy   b razed   w i th   Pa ln i ro  I 
p r o v e d   t o  be the   bes t   cand ida te   fo r   the   s ing le - layer   sandwich .  An Inconel  718- 
P a l n i r o  7 system was s e l e c t e d   f o r   t h e   s t r u c t u r a l   p o r t i o n   o f   t h e   t w o - l a y e r  
panel   because  Palniro 7 gave s u p e r i o r   j o i n t   s t r e n g t h  and  good Incone l  718 
s t r e n g t h   p r o p e r t i e s .   S e v e r a l   b r a z e   a l l o y s   w e r e   s a t i s f a c t o r y   w i t h   e i t h e r  
H a s t e l l o y  X or Incone l  625 coolant   passages  in   the  two- layer   sandwich.  
H a s t e l l o y  X would be the   p re fe r red   hea t   exchanger   ma te r ia l ;  however,  important 
spec imen   d i f f e rences   ex i s ted   p rec lud ing  a d i rec t   compar ison .  
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Flexure  tests ,   cons is t ing  o f   pure  bending  and  combined  shear   and  bend-  
ing  loads,  on  Waspaloy  and  Inconel 718 sandwich  panels gave: 90 to  100 percent  
o f  predic ted  va lues  based on publ ished  proper ty   data.   Waspaloy  panel   per-  
formance in   bend ing   and   I ncone l  718 p a n e l   b u c k l i n g   c a p a b i l i t y   s a t i s f i e d  
d e s i g n   o b j e c t i v e s .   T h e r e f o r e ,   t h i s  1 i gh twe igh t   pane l   cons t ruc t   i on  w i  1 1  have 
weights  comparable t o   p r e v i o u s   e s t i m a t e s .  

28 



APPENDIX A 

FIN TENSILE STRENGTH 

F i n   S t r e s s   C a l c u l a t i o n s  

The bu rs t   and   c reep   rup tu re   t es ts   conduc ted   i n   t he   i n te rna l   p ressu re  
p a n e l   t e s t s   m e a s u r e d   t h e   p l a t e - f   i n   p r e s s u r e   c a p a b i l i t y   f o r   v a r i o u s   f i n  geo- 
r n e t e r i e s .   F o r   t h i s   i n f o r m a t i o n   t o  be u s e f u l   t o   t h e   d e s i g n e r ,  a means o f   c o r -  
r e l a t i n g   t e s t s   s u c h   a s   t h o s e   c o n d u c t e d   i n   t h e   e v a l u a t i o n ,   w i t h   o t h e r   p l a t e  
f i n  geometr ies i s  des i red .  The a p p l i e d   p r e s s u r e  i s  no t  a t r u e  measure o f   t h e  
s e v e r i t y   o f   t h e   l o a d i n g   o n   t h i s   s t r u c t u r e   s i n c e   f i n  geometry, and, to  a lesser  
extent,   face  sheet  geometry  can be w i d e l y   v a r i e d   t o   i m p r o v e   o r   r e d u c e   t h e  
p l a t e - f i n   i n t e r n a l   p r e s s u r e   s t r e n g t h .  The s imp les t  means o f   e x p r e s s i n g   t h e  

o da te  i s  t h e   f i n   t e n s i l e   s t r e s s ,   g i v e n  by . l oad ing   l eve l   dev i sed  t 

= Load/F U f i n  

U f i n  = P ( b f i n  

I n area 

F a c t o r s   A f f e c t  i ng F i n   S t r e n g t h  

The m a j o r   f a c t o r s   w h i c h   a f f e c t   f i n   s t r e n g t h   a r e   f i n  geometry, p l a t e  
s t r e n g t h  and j o i n t   q u a i i t y .  The p l a t e - f i n   s t r u c t u r e   c a p a b l e   o f   a c h i e v i n g  
100 p e r c e n t   o f   t h e o r e t i c a l   s t r e n g t h   ( b a s e d  on  the  above f i n   s t r e s s   e q u a t i o n )  
i n c l u d e s   p l a t e s   o f   i n f i n i t e   s t i f f n e s s   a n d   s t r a i g h t ,   p a r a 1   l e l ,   s q u a r e - c o r n e r e d  
f i n s   w i t h  good  braze  jo in ts   (assuming no v a r i a t i o n   i n   m a t e r i a l   p r o p e r t i e s ,  
no v a r i a t i o n   i n   f i n   t h i c k n e s s ,   a d e q u a t e   b r a z e   s t r e n g t h ,   e t c . ) ,  as shown below. 

5 4 5 4 7 6  

D e v i a t i o n s   f r o m   t h i s   i d e a l   s t r u c t u r e   s u c h   a s   t h e   i m p e r f e c t   f i n  shown below 
cause  s t rength   reduc t ions .  Also, t h i n   p l a t e s   d e v i a t e   s u b s t a n t i a l l y   f r o m   t h e  
i n f i n i t e   s t i f f n e s s   p l a t e s   o f   t h e   i d e a l   s t r u c t u r e   s i n c e   t h e y   a r e   i n c a p a b l e   o f  
t r a n s m i t t i n g   t h e   l o a d s   o f   i m p e r f e c t   f i n s   t o   a l l   o t h e r   f i n s .   R a t h e r   t h e   l o a d  
i s   p r i m a r i l y   t r a n s m i t t e d   t o   t h e   f i n s   a d j a c e n t   t o   t h e   i m p e r f e c t   f i n .   I n   t h i s  
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r e s p e c t ,   t h e   f i n   d u c t i l i t y   i s   a l s o   i m p o r t a n t   s i n c e   t h e   e l o n g a t i o n   b e f o r e   r u p -  
t u r e   a l s o   e f f e c t s   l o a d   r e d i s t r i b u t i o n .   L o c a l   d e f o r m a t i o n s   o f   t h e   t h i n   s h e e t s  
a l s o  a d d   b e n d i n g   s t r e s s e s   t o   t h e   h i g h l y   l o a d e d   a d j a c e n t   f i n .   I n   t h e   t h i n  
sheet  case i t  i s  assumed t h a t   c o m p l e t e   f a i l u r e   o f  a s i n g l e   f i n   r e s u l t s   i n  
p r o g r e s s i v e   f a i l u r e   o f   a d j a c e n t   f i n s   n o t   o n l y  because o f   l o a d   i n c r e a s e   b u t  
due to   the   inc reased  bend ing   s t resses .  

B e f o r e   p r e s s u r i z a t i o n   A f t e r   p r e s s u r i z a t i o n  

An a n a l y s i s  was pe r fo rmed   to   de te rm ine   t he   e f fec t   o f   f ace   shee t   t h i ckness  
on f i n   s t reng th ,   assuming   t he   p resence   o f  one  imper fec t   f in .  The b u r s t   p r e s -  
s u r e   o f  a n i n e - f i n   a r r a y   w i t h  weak c e n t r a l   f i n  was de termined  us ing  a beam-on- 
a n - e l a s t i c - f o u n d a t i o n  model,  as shown i n   f i g u r e  34,  t o   s i m u l a t e  a p l a t e  on f i n s .  
F i n   s t r e n g t h ,   s t i f f n e s s ,  and d u c t i l i t y  were  taken  in to   account  by us ing   t he  
c o m p l e t e   s t r e s s - s t r a i n   c u r v e   f o r  room and  e levated  temperatures.  The ca l cu -  
l a t i o n s  were  performed  for   Waspaloy  and  Inconel  625 a t  room  and e leva ted  
tempera tures   us ing   sheet   th icknesses   o f  0.005,  0.010, and 0.020 i n .  ( 0 . 0 1 3 ,  
0 .025,  and 0.051 cm) and one f i n  geometry w i t h  0.004 i n .  (0.010 cm) f i n  
th ickness ,  0.050 i n .  ( 0 .  130 cm) spacing  and a 0.075 i n .  (0.190 cm) f i n   h e i g h t .  
The w e a k e r - f i n   f a i l u r e  was s imu la ted   by   us ing  100 percent, 50 percent,  and 
z e r o   t e n s i l e   u l t i m a t e   s t r e n g t h   v a l u e s   ( I n   t h e   z e r o   s t r e n g t h  case, f a i l u r e   o f  
t h e   a d j a c e n t   f i n s   d e n o t e s   b u r s t   p r e s s u r e ) .  

The f i n   s t r e n g t h   r e s u l t s   a r e   t a b u l a t e d  as r a t i o s   o f  a p e r f e c t   f i n   a r r a y  
i n   f i g u r e  35.  Values  as  low  as 56 p e r c e n t   a r e   p r e d i c t e d   f o r  a z e r o   s t r e n g t h  
f i n   u s i n g   t h e   s m a l l e s t   s h e e t   t h i c k n e s s .  As expec ted ,   inc reas ing   sheet   th ick -  
ness   inc reases   s t rength  due t o   t h e   i n c r e a s e d   c a p a b i l i t y   o f   t h e   s h e e t   t o   t r a n s -  
f e r   t h e   l o a d   t o   t h e   s t r o n g e r   f i n s .  Also, the   genera l l y   lower  Waspaloy  values, 
as  compared t o   I n c o n e l  625, a r e   e x p e c t e d   s i n c e   l e s s   l o a d   r e d i s t r i b u t i o n  i s  
p o s s i b l e   b e f o r e   f i n   r u p t u r e   o c c u r s   f o r   t h e   l o w e r   d u c t i l i t y   m a t e r i a l ,   p a r t i .  - 
l a r l y   a t   e l e v a t e d   t e m p e r a t u r e s .   S t r e n g t h   l o s s e s   a r e   g r e a t e r   f o r  a reduct ic : :  
i n  weak f i n   s t r e n g t h   f r o m  50 t o  0 percent  as  compared t o  a reduc t i on   f rom 
100 t o  50 p e r c e n t .   T h i s   i n d i c a t e s   t h a t   f i n   s t r e n g t h  i s  a non-1  inear   funct ion 
o f  weak f i n   c a p a b i l i t y  and s l i g h t l y  weaker f i n s  will not   apprec iab ly   reduce 
p l a t e - f i n   i n t e r n a l   p r e s s u r e   c a p a b i l i t y .  

The z e r o   s t r e n g t h   r e s u l t s  compared f a v o r a b l y   w i t h   t h e   t e s t   r e s u l t s  
a l though  the   lower   tes t   va lues ,  down t o  0.28 f o r  Waspaloy, a re   cons ide rab ly  
l e s s   t h a n   t h e   c a l c u l a t e d   v a l u e   o f  0.56  ( f o r   t h e  Waspaloy zero   percent  weak 
f i n   c a s e ) .  The 16OO0F ( I  140°K) t e s t   r e s u l t s   f o r   I n c o n e l  625 compare  more 
c l o s e l y   w i t h   t h e   a n a l y s i s   g i v i n g  a tes t   range   f rom 0.54  t o  0.71 and a n a l y t i c a l  
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va lues   f rom 0.65 t o  0.80 i n   t h e   z e r o   s t r e n g t h   c a s e .  These d i s p a r i t i e s   c o u l d  
be p a r t i a l l y   a t t r i b u t e d   t o   s t r e n g t h   r e d u c t i o n  caused by a d d i t i o n a l   s t r e s s e s  
a t   t h e   p l a t e - t o - f i n   j o i n t  due to   face  sheet   bending.  

It appears  from a p r a c t i c a l   f a b r i c a t i o n   s t a n d p o i n t   t h a t   t h e o r e t i c a l  
maximum f i n   s t r e n g t h   v a l u e s   c o u l d  be es tab l i shed   on   t he   p remise   t ha t   a t  
one f i n   i n   t h e   a r r a y  i s  always  weaker  than  the  other  f ins.   This  premise 
p r o b a b l y   r e a l i s t i c   s i n c e   m i n o r   f i n   h e i g h t   v a r i a t i o n s ,  due t o   e i t h e r   f a b r  
c a t i o n  or braz ing,   would  produce  the  uneven  loading  which was simulated. 

l e a s t  
i s  

I -  
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APPENDIX B 

FLEXURE  TEST  CALCULATION PROCEDURES 

The suppor t ing   ca lcu la t ions   fo r   the   pure   bend ing   and  combined  shear   and 
b e n d i n g   t e s t s   a r e   p r e s e n t e d   i n   t h i s   a p p e n d i x .  The da ta   reduc t ion   p rocedures  
a r e   p r o v i d e d   f o r   c o n v e r t i n g   t h e  measured l o a d - d e f l e c t i o n   c u r v e s   i n   f i g u r e s   2 9  
and  30 t o  p a n e l   s t i f f n e s s ,   y i e l d i n g  moment and  buck l ing moment. Ca lcu la ted  
pane l   p roper t ies   used  fo r   compar ison   w i th   the   measured  va lues   a re   d iscussed.  

Data  Reduct ion 

The s lopes   o f   t he   measured   l oad -de f lec t i on   cu rves   ( t ab le  10) were  obta ined 
by a l e a s t - s q u a r e s - f i t   o f  a s t r a i g h t   l i n e   t o   t h e   d a t a   i n   t h e   e l a s t i c   r e g i o n  
(wh ich  was d e t e r m i n e d   v i s u a l l y ) .   T h i s   s l o p e ,   o r   s t i f f n e s s   v a l u e ,  was then 
a d j u s t e d   f o r  changes i n  moment and d e f l e c t i o n  due t o   t h e   f i n i t e   s i z e   o f   t h e  
r o l l e r s ,  changes i n  moment due t o   r o t a t i o n   a t   t h e  ends o f   the   pane l ,  and the  
s t i f f n e s s   e f f e c t   o f   t h e   I n s t r o r ;   m a c h i n e .  The y i e l d  and  buck l ing  moments 
( t a b l e  10) a l s o   r e q u i r e d   c o r r e c t i o n s  due t o   r o l l e r   s i z e  and  panel   end  rotat ion.  

The va r ious   co r rec t i ons   were   exp ressed   as   f unc t i ons   o f   t he   cen te r  span 
d e f l e c t i o n   o f   t h e   p a n e l s .  The t e s t   c o r r e c t i o n s   f o r   s t i f f n e s s   a n d   b e n d i n g  
moment were  computed  f rom  measured  def lect ions  assuming  that   the  re la t ion 
b e t w e e n   a n g l e   o f   r o t a t i o n   a t   t h e   r o l l e r s  and  center  span d e f l e c t i o n   s a t i s f i e d  
beam theory .  

I n   o r d e r   f o r   t h e   t e s t   v a l u e s   t o  be val   id,   the  panel   def lected  shape must 
con fo rm  to   bend ing   t heo ry   t h roughou t   t he   l oad   cyc le   ( f i gu res  29  and  30) .   Th is  
c o n d i t i o n  was s a t i s f i e d   i n   t h e   e l a s t i c   r a n g e   f o r   a l l  specimens,  however i n   t h e  
Waspaloy  pure  bending  tests   there was some d i s t o r t i o n   f r o m   t h e   t h e o r e t i c a l  
c i r c u l a r  shape  above  the  proport ional  1 imit. T h i s   d i s t o r t i o n  was caused  by 
s l i d i n g   f r i c t i o n   a t   t h e   r o l l e r s ,   e s p e c i a l l y   a t   t h e   h i g h e r   l o a d s  when l a r g e r  
d e f l e c t i o n s   w e r e   r e q u i r e d   t o   m a i n t a i n   t h e   c i r c u l a r  shape.   Typica l   def lected 
shapes f o r  Waspaloy t e s t s   a t  room t e m p e r a t u r e   a r e   i l l u s t r a t e d   i n   f i g u r e   3 6 .  
F i g u r e  36a shows p u r e   b e n d i n g   d e f l e c t i o n s   a t   t h r e e   l o a d   l e v e l s .  The depar tu re  
f r o m   c i r c u l a r i t y   i s   n o t i c e a b l e   a t   t h e  550 l b  (2450 N) l o a d   l e v e l .  Comparison 
o f   t h i s   l o a d   l e v e l   w i t h   t h e  f i r s t  l o a d   d e f l e c t i o n   c u r v e   i n   f i g u r e  29a shows 
t h a t   t h i s   c o r r e s p o n d s   r o u g h l y   t o  an 0.1 p e r c e n t   o f f s e t   p l a s t i c   s t r a i n .  The 
pane l   re ta ins  a symmetr ical   def lected  shape  in  the  combined  shear  and  bending 
t e s t   a s  shown by   measured  da ta   po in ts   in   f igure   36b.  

The f o l l o w i n g   i s  a summary o f   t h e   c o r r e c t i o n s   a p p l i e d   t o   t h e  measured 
p r o p e r t i e s   ( f i g u r e s  29 and  30) t o   o b t a i n   t h e   t e s t   v a l u e s  shown i n   t a b l e  I O .  

Pure  bending, room temperature;  8 = 6m 
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Pure  bending,  e levated  temperature;  9 = 6, 

2 R o  - ( 3 R  + 2h) s i n  0 20 
) ( 2 0  + (R+h)(  I-cos 0 

Combined  shear  and  bending; e = 0.756 
m 

M = P  g b - (2R + h) s i n  8 
m > 8  

" Bendinq- . -. . - -. moment c o r r e c t i o n s .  - I n   p u r e   b e n d i n g   t e s t s ,   t h e   l o a d   f o r   c a l c u -  
l a t i n g   a p p l i e d  moment must be normal t o  the  panel   sur face.  The r e l a t i o n  between 
appl   ied  load  and  normal  load f o r  an  end r o t a t i o n   o f  e degrees i s  

Eiormal load  = (Appl   ied  load) /cos 8 

The a n g l e   o f   r o t a t i o n  i s  e q u a l   t o   t h e   c e n t e r   p a n e l   d e f l e c t i o n   f o r  a 4 i n  ( I O  cm) 
long  pane l   in   pure   bend ing .  The c e n t e r   d e f l e c t i o n  was o b t a i n e d   f r o m   l i n e a r  
t r a n s d u c e r s   a t  room temperature  and  Inst ron  crosshead movement a t   e l e v a t e d  
tempera tu res .   Th i s   es t ima te   i gno res   secondary   e f fec ts   such   as   de f l ec t i on   o f  
t h e   s o l i d   o v e r h a n g i n g   s e c t i o n s  on e i t h e r   e n d .  The i n c r e a s e   i n  moment f o r  
Waspaloy was f rom I t o  2 p e r c e n t   f o r   t h i s   c o r r e c t i o n .  An increase o f  0.05 t o  
0.3 p e r c e n t   r e s u l t e d   f o r   I n c o n e l  718. 

The moment a r m   v a r i e s   d u r i n g   l o a d i n g   s i n c e   t h e   r o l l e r s  and k n i f e  edge a r e  
f i x e d .   T h i s   i s   i l l u s t r a t e d   i n   f i g u r e  26 f o r   t h e   t w o - r o l l e r   e n d   o f   t h e   p u r e  
bending  setup. I n   t h e   p u r e   b e n d i n g   t e s t s ,   t h e  rnoment arm a t   t h e   t w o - r o l l e r  
end i s  
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= [a, - (2R +h) s i n  e] /cos e 

where Ro i s   t h e   i n i t i a l   c e n t e r - t o - c e n t e r   r o l l e r   s p a c i n g  and R i s   t h e   r o l l e r  
r a d i u s .   A t   t h e   s i n g l e   r o l l e r   e n d   t h e  moment arm i s  

a2 = [ l o  - ( R  +- h) s 

The c o r r e c t   i o n   f o r   p u r e   b e n d i n g  
c o r r e c t i o n   f a c t o r   t o  be m u l t i p l  

i n  e ]  /cos 0 

was taken t o  be the   ave rage   o f  a ,  and R2. The 
ied  by  measured  load was 

The moment arm f o r  combined  shear  and  bending i s  obtained  f rom  the  measured 
load  and moment arm  by t h e   r e l a t i o n  ( A  sample w i d t h   o f  2 i n  ( 5  cm) was used) 

M = P [ , t  - b - ( 2 R  + h) s i n  0 1  /8 

where   t he   ro l l e r   separa t i on ,  1, i s  4 i n  (IO cm)and b i s  t h e   w i d t h   o f   t h e  
c e n t r a l   r e i n f o r c e m e i l t   ( f i g u r e  2 6 ) .  The a n g l e   o f   r o t a t i o n   a t   t h e   r o l l e r s  i s  
t h r e e - f o u r t h s   o f   c e n t e r   d e f l e c t i o n  based  on e l a s t i c   b e n d i n g   t h e o r y .  The 
e f f e c t   o f   r o t a t i o n   p r o d u c e d  a change i n  moment o f   a b o u t  I t o  5 p e r c e n t   f o r  
Waspaloy  and 0.6 p e r c e n t   f o r   I n c o n e l  718. 

l e c t i o n   c o r r e c t j o n s , .  - The v e r t i c a l   r e f e r e n c e   p o i n t   f o r   d e f l e c . t i o n  
m e a s u r e m m t ~   s h i f t s  due t o  panel movement o v e r   t h e   r o l l e r s .   I n   t h e   p u r e  
b e n d i n g   c a s e   t h e   d e f l e c t i o n   a t   t h e   t w o - r o l l e r   e n d   i s  

6 = ( R  + h/2)(  I - cos e )  I 

The movement a t   t h e   k n i f e  edge 

b 2  = (h /2 ) (  I - COS 0)  

The a v e r a g e   c o r r e c t i o n   f o r   t h e  

6 = ( 6 1  + 6 , ) / 2  = ( a  
r 

i s  

two  ends i s  

+ h) ( I  -COS 0 ) / 2  

The movement over   the   ro l le rs   reduces   the   measured  de f !ec t ion  so t h e   t r u e  
d e f l e c t   i o n   a t   t h e   c e n t e r  i s 
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I 

6 = 6  + 6  
m r 

a n d   t h e   c o r r e c t i o n   f a c t o r   t o   t h e   s t i f f n e s s   i n   t e r m s   o f   t h e   a n g l e   o f   r o t a t i o n ,  
w h i c h   i s   e q u a l   t o   t h e   c e n t e r   d e f l e c t i o n ,   i s  

This   def lect ion  ad justment   reduces  the  measured  Waspaloy  and  Inconel  718 
p a n e l   s t   i f f n e s s e s   b y   a b o u t  I percent .  

T h e r e   a r e   r o l l e r s   a t   e a c h  end i n   t h e  combined  shear  and  bending  tests so 
t h e   c o r r e c t i o n   i s  

6 = 6 ,  = ( R  + h/2)(1 - cos e) 
r 

The movement o v e r   t h e   r o l l e r s   i s   i n   t h e  same d i r e c t i o n   a s   p a n e l  movement so 
t h e   c o r r e c t i o n   s u b t r a c t s   f r o m   t h e  measured  value. The a n g u l a r   r o t a t i o n   i s  
r e l a t e d   t o   c e n t e r   d e f l e c t i o n   b y  

6 = 8&/3 = I .330 

so t h e   c o r r e c t i o n   t o   t h e   s t i f f n e s s  i s  

The Waspaloy  and  Inconel 718 pane l   s t i f f nesses   a re   i nc reased   by   abou t  I percent  
and 0.5 percent ,   respect ive ly ,  due t o   t h i s   c o r r e c t i o n .  

I n s t r o n   f l e x i b i l i t y   c o r r e c t i o n .  - The room temperature  def lect ion  measur-  
ing  system was independent o f   t h e   I n s t r o n   m a c h i n e   m o t i o n .  However, i n   t h e  
h igh   tempera ture   pure   bend ing   tes ts   the   Ins t ron   mach ine   p rov ides   the  most 
conven ien t   de f l ec t i on   readou t  because the  furnace  encloses  the  specimen. The 
m e a s u r e d   s l o p e s   t h e r e f o r e   i n c l u d e   p a n e l ,   I n s t r o n   s t i f f n e s s   a n d   t e s t   f i x t u r e  
( f i g u r e  28),  measured i n   s e r i e s .  The t r u e   p a n e l   s t i f f n e s s  i s  t h e r e f o r e  

- K I = [Fq-k]  I 

where KI i s   t h e  combined I n s t r o n  and f i x t u r e   s t i f f n e s s .  The c o r r e c t i o n   f a c t o r  
r e l a t i n g   p a n e l   s t i f f n e s s  t o  measured s t i f f n e s s   i s   t h e r e f o r e  

Kt / [ Kt - (P/6), ] 
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The s t i f f n e s s   o f   t h e   I n s t r o n   m a c h i n e   a n d   t e s t   f i x t u r e  was measured i n  a 
s e p a r a t e   l o a d - d e f l e c t i o n   t e s t .  The f i x t u r i n g   c u r v e s   e x h i b i t e d   n o n - l i n e a r i t i e s  
i n   t h e  0 t o  400 l b  (1780 N) l o a d   r a n g e   w h i c h   c o r r e s p o n d   t o   n o n - l   i n e a r i t i e s  
n o t e d   i n   t h e   I n c o n e l  718 t e s t s .   T h i s   e f f e c t   i s   a t t r i b u t e d   p r i m a r i l y  t o  
n o n - p a r a l l e l   p l a t e s  on t h e   t e s t '   f i x t u r e .  The W a s p a l o y   t e s t   l o a d s   i n   t h e  
e las t i c   range   co r respond   to   t he   non - l i nea r   po r t i on   o f   t he   cu rve .   The re fo re ,  
a n   a v e r a a e   s t i f f n e s s   o f  83,000 1 L / i n  ( I  5,000 kN/m) o v e r   t h e  0 t o  400 1 b ( 1  780 N) 
range was used f o r   t h e  Waspaloy c o r r e c t i o n .  The e l a s t i c   p o r t i o n   o f   t h e   I n c o n e l  
718 data was used f o r   s t i f f n e s s   c a l c u l a t i o n s  and  the  measured f i x t u r e   s t i f f n e s s  
f o r   l o a d s   g r e a t e r   t h a n  40G l b  (1780 N) was 266,000 l b / i n  (47,000 N/m).  The 

i n c r e a s e   i n   s t i f f n e s s   f o r   t h e s e   c o r r e c t i o n s  was about 2 p e r c e n t   f o r  Waspaloy 
and 12 t o  13 p e r c e n t   f o r   I n c o n e l  71 8. 

Calcu la ted   Pane l   Proper t ies  

The e q u a t i o n s   f o r   o b t a i n i n g   t h e   c a l c u l a t e d   p a n e l   p r o p e r t i e s   l i s t e d   i n  
t a b l e  I O  a re   p resc \ r : ted   be low.   Pub l ished  mater ia l   p roper t ies   were   taken  f rom 
re fe rence 2 u s i n g  he  nominal  specimen  dimension.; i n   f i g u r e   2 .   R e f i n e m e n t s  t o  
t h e   c a l c u l a t i o n s  o f  the  Waspaloy  bending moments a r e   i n c l u d e d  i n  t h e   f o l l o w i n g  
bending moment d i scuss ion .  The re f i nemen ts   were   no t   used   f o r   t he   es t ima tes   i n  
t a b l e  IO. 

S t i f f n e s s .  - The p a n e l   d e f l e c t i o n  i s  o b t a i n e d   f r o m   t h e   e q u a t i o n s   f o r  
s t r a i n   e n e r g y   i n   t h e   e l a s t i c   r a n g e .  The maximum d e f l e c t i o n   i n   p u r e   b e n d i n g   i s  

a / 2  
6 = J  Mxdx 

E 1  
0 

and f o r   t h e  combined  shear  and  bending  test   is  

0 0 

The p l a t e   e f f e c t  i s  i n c l u d e d   b y   c o n s i d e r i n g   t h e   e l a s t i c  modulus, E, i n   t h e  
e q u a t i o n   t o  be t h e   m a t e r i a l   e l a s t i c   m o d u l u s   d i v i d e d   b y  I - u2. The express ion  
f o r   s e c t i o n  moment o f   i n e r t i a   o f   t h e   s o l i d   p o r t i o n s   i s  

I2 = h / I  2. 3 

The p l a t e - f i n   s e c t i o n   p r o p e r t i e s   a r e   o b t a i n e d   f r o m   t h e   i d e a l i z e d   r e c t a n g u l a r  
cross-sect ions  assuming  the  face  sheet and f i n   m a t e r i a l   a r e  100 percent  
e f f e c t i v e .  The r e s u l t i n g   e x p r e s s i o n   f o r   t h e  Waspaloy  sandwich i s  
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(hf i n  + 2t f )3 - k f i n  - t f in)   [hf in 3 II = 12 1.4 bfin + b f i n  - 2 t f  i n  IS] (3) 

The moment o f   i n e r t i a   e x p r e s s i o n   f o r   t h e   I n c o n e l  718 sandwich i s   s i m i l a r   t o  
t h e  above  and  inc ludes   the   con t r ibu t ion   o f  a nominal 0.084 i n  (0.21 cm) chevron 
f i n   t a b   l e n g t h   b u t   n o t   t h e   e f f e c t   o f   t h e   c h e v r o n  bend  angle. 

S ince   the   sec t ion   p roper t ies   vary   a long  the   pane l ,   equat ions  ( I )  and  (2) 
must  be i n teg ra ted   p iecew ise   f rom edge t o   c e n t e r .   I n   a d d i t i o n ,   t h e   p a n e l  
l eng then ing  or sho r ten ing  due t o  movement o v e r   r o l l e r s   i s   i n c l u d e d   i n   t h e  
l i m i t s  o f   i n t e g r a t i o n .  As an  example,   the  approx imate  equat ion  for   def lect ion 
o f  a panel i n   pu re   bend ing  i s  ( a l l   d i m e n s i o n s   a r e   i n   i n c h e s ) :  

where = (R + h /2)   s in   8 /2 .  The pane l   t rave l   over  one r o l l e r  i s  ha lved  s ince  
one  end r e s t s  on t h e   k n i f e  edge. 'r 

To a c lose   app rox ima t ion  we may i g n o r e   a l  1 terms  except  the  upper 1 i m i  t 
o f  t he   second   i n teg ra l ,   g i v ing :  

n 

o r  

2E I. 

The above d e r i v a t i o n  assumes tha t   t he   pane l   t akes  a c i r c u l a r   d e f l e c t e d  shape, 
c o n s i s t e n t   w i t h   t h e   p r e v i o u s   d i s c u s s i o n s .  

V a r i a t i o n   i n   m a t e r i a l   d i m e n s i o n s  will have a n o t i c e a b l e   e f f e c t  on  the 
c a l c u l a t e d   v a l u e   o f   p l a t e - f i n   s e c t i o n  moment o f   i n e r t i a .  For f i n   t h i c k n e s s  
much l e s s   t h a n   f i n   h e i g h t ,   e q u a t i o n  (3) can  be w r i t t e n   i n   t h e   a p p r o x i m a t e  
fo rm 

S i n c e   t h e   m a j o r   c o n t r i b u t i o n  to moment o f   i n e r t i a   i s   r e p r e s e n t e d   b y   t h e  f i r s t  
t e r m   i n   t h i s   e q u a t i o n ,   t h e   v a r i a t i o n   i n   i n e r t i a  i s  r o u g h l y   p r o p o r t i o n a l   t o  
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v a r i a t i o n s   i n   s h e e t   t h i c k n e s s .   T y p i c a l   t h i c k n e s s   t o l e r a n c e s   f o r   t h i s   s h e e t  
m a t e r i a l   a r e   a b o u t  10 percent  above  and  below  the mean, amounting t o  about 
fO.OO1 in .   (0 .0025 cm) f o r   t h e   s h e e t s   a n d   1 0 . 0 0 0 5   i n .  (0.0013 cm) f o r   t h e  
f i n s   o r  webs. T y p i c a l   b r a z e   a l l o y   t h i c k n e s s   a r e   i n   t h i s  same range. 

Y i e l d   s t r e n q t h .  - The p a n e l   y i e l d   s t r e n g t h   e s t i m a t e s   i n   t a b l e  IO a r e  
based  on e l a s t i c   b e n d i n g   t h e o r y .  The gove rn ing   equa t ion   f o r  maximum p r i n c i p l e  
s t ress ,  0 ,  i n  a s t r e s s   f i e l d   w i t h  one  shear  component i s  

Th is   equat ion  can be used f o r   b o t h   l o a d i n g   c o n d i t i o n s   s i n c e  T = 0 g 
0 = 0,. Equat ing  cI t o   t h e  maximum e l a s t i c   b e n d i n g   s t r e s s  we have 

The maximum s h e a r   s t r e s s   f o r  a c e n t r a l l y  

T = pb f /2h t  
C 

i 

( 4 )  

ve s 

loaded  panel i s  approx imate ly  

T h i s  may be r e w r i t t e n   i n   t e r m s   o f   t h e  app 
g i b e  

T = (2bf /Rhtc)  M 

l i e d  moment and moment  arm, l/2, t o  

The p r i n c i p l e   s t r e s s ,  c r y  i n   e q u a t i o n  ( 4 )  i s  t hen   equa ted   t o   pub l i sh   eng inee r ing  
y i e l d   p r o p e r t i e s  a n d   t h e   y i e l d i n g  moment can  be  calculated  from 

2 

M Y Y  = 0 / [ h/4 I  4%) (K 
2bf  )z 1 

I n   t h e   p u r e   b e n d i n g   c a s e   t h e   a b o v e   e q u a t i o n   s i m p l i f i e s   t o  

M = 20 I / h  
Y Y 

The a b o v e   e x p r e s s i o n   f o r   y i e l d i n g  moment assumes a l i n e a r   s t r e s s   d i s t r i -  
bu t i on   ac ross   t he   pane l   he igh t .  However, p l a s t i c   d e f o r m a t i o n s   a r e   p r e s e n t   a t  
e n g i n e e r i n g   y i e l d  and t h e   s t r e s s   d i s t r i b u t i o n   i n   t h e   o u t e r   f i b e r s  becomes non- 
l i n e a r .   T h i s   i s   i l l u s t r a t e d   i n   f i g u r e  37 by  superimposing  the  Waspaloy room 
t e m p e r a t u r e   s t r e s s - s t r a i n   c u r v e   ( f i g u r e  5a)  on the   pane l   c ross-sec t ion .  The 
s t r e s s   a t   t h e   o u t e r   f i b e r  I s  t he  0.1 p e r c e n t   p l a s t i c   s t r a i n   o f f s e t   v a l u e   f r o m  
t h e   s t r e s s - s t r a i n   c u r v e .  The e l a s t i c   l i n e   f o r   e q u a t i o n  (5)  i s  shown f o r   t h e  
same maximum s t r e s s .  The d i f f e r e n c e  between  the  two  curves  represents  the 
a d d i t i o n a l  moment t h a t   i s   d e v e l o p e d   f o r   t h e   a c t u a l   c a s e   a s  opposed t o   t h e  
moment ca l cu la ted   by   equa t ion  ( 5 ) .  The fo l l ow ing   equa t ion ,  
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was used t o  compute  the 
r e s u l t  was 123 I b - i n / i n  

bending moment f o r   t h e   i n e l a s t i c   c u r v e .  The i n e l a s t i c  
(548 N - d m ) ,  compared t o  I 14  I b - i n / i n   ( 5 0 7  N-m/m) for 

t h e   e l a s t i c  case,  an 8 p e r c e n t   i n c r e a s e .   T h i s   e f f e c t   i s   a l s o   p r e s e n t   f o r  
I ncone l  718, a l t h o u g h   t o  a much lower  degree,  because  the r a t i o  o f  web h e i g h t  
t o   f a c e   s h e e t   t h i c k n e s s   i s  much g rea te r .  

I n  some cases  the  specimen i s   h e l d   f l a t   d u r i n g   t e s t i n g   a n d  a b i a x i a l  
s t r e s s   s t a t e   i s   p r o d u c e d .  The r e l a t i o n  between the  developed  stress,  a2 i n  

t h e   w i d t h   a n d   t h e   a p p l i e d   s t r e s s ,  CT , i n   t h e   l e n g t h   i s   d e t e r m i n e d   b y   t h e  
boundary   cond i t ion  far t h e   f l a t   s u r l a c e   w h i c h   i s   t h a t   t h e   t o t a l   s t r a i n  i n  t he  
w i d t h  must be zero.  The two  s t ress   components   a re   then  re la ted   by   Po iss ion 's  
r a t i o ,  i .e., 

I n   d i s t o r t i o n   e n e r g y   t h e o r y ,   t h e   e q u i v a l e n t   s t r e s s   i n   t h e   b i a x i a l   c a s e  i s :  

I /2 
= (a,2 - o 1  a* + a22) 

S u b s t i t u t i n g   f o r  CT we get  2 

The e q u i v a l e n t   s t r e s s  i s  87 p e r c e n t   o f  mI us ing  an a v e r a g e   P o i s s o n ' s   r a t i o   o f  

0.4 s ince   the   va lue  must be between  about 0.3 f o r   t h e   e l a s t i c   c a s e   a n d   0 . 5   f o r  
p l a s t i c   f l o w .   T h i s   c o r r e s p o n d s   t o  an e f f e c t i v e   y i e l d   s t r e s s   r e d u c t i o n   o f  15 
percent  and a cor respond ing   apparent   inc rease  in   pane l   y ie ld   s t rength .  

Comp le te   res t ra in t  i s  expected  for   combined  shear  and  bending  tests  be- 
cause   t he   cen t ra l   h igh   s t ress   reg ion  was r e i n f o r c e d   l o c a l l y   t o   p r o v i d e  means 
o f  a p p l y i n g   t h e   l o a d .  Hcwever, f o r   t h e   p u r e   b e n d i n g   t e s t s ,   o n l y  7 percent  
r e s t r a i n t  was assumed s ince  the  panel  was n o t   h e l d   c o m p l e t e l y   f l a t   o v e r   t h e  
r o l   l e r s .  

I ncone l  718 pane l   buck l inq .  - C a l c u l a t e d   e s t i m a t e s   o f   t h e   b u c k l i n g  
s t r e n g t h   o f   t h e   I n c o n e l  718 p a n e l s   p r e s e n t e d   i n   t h e   f l e x u r e   t e s t  summary 
( t a b l e  I O )  we re   ob ta ined   by   t he   p rocedures   ou t l i ned   i n   re fe rence  I .  The 
c r i t i c a l   b u c k l i n g   s t r e s s e s   f o r   t h e  webs a n d   f a c e   p l a t e s   a r e   w r i t t e n   i n   t h e  
form 
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(5 
cc  web ] = 7 K2E ( t c / h ) 2  

(5 ] = I K l €  ( t f / b f )  2 
cc  

p l a t e  

where 7 i s  t h e   p l a s t i c i t y   r e d u c t i o n   f a c t o r   d e f i n e d  as 

I / 2  
Il = ( E ~ / E )  

Typ ica l   re fe rence I c a l c u l a t i o n s  were  per formed  wi th  ?1 = I, i . e . ,   e l a s t i c  
s t resses  were  cons idered.  However, the   tangent  modulus, Et, may  be determined 

when a s t r e s s - s t r a i n   c u r v e   i s   a v a i l a b l e  a n d   t h e   r e d u c t i o n   i n   b u c k l i n g   s t r e s s  
due t o   y i e l d i n g  may be eva lua ted .  The c u r v e   o f   b u c k l   i n g   s t r e s s  vs a p p l i e d  
s t r a i n  can  then be super imposed  on   the   mater ia l   s t ress-s t ra i  
d e t e r m i n e   t h e   b u c k l i n g   s t r e s s   o f   t h e   p a n e l .  

F i g u r e  38 shows t h e  web b u c k l i n g   s t r e s s  and  the  Incone 
t u r e   s t r e s s - s t r a i n   c u r v e   f r o m   f i g u r e  7 i n d i c a t i n g   t h a t   b u c k  
a s t r a i n   o f   a b o u t  0.6 pe rcen t .  The web b u c k l i n q   s t r e s s   d e f  

n c u r v e   t o  

1 718 room tempera- 
l i n g  will o c c u r   a t  
ines  panel   buckl   ing - 

s ince   face   sheet   buck l   ing   occurs   a t  a h i g h e r   s t r e s s   l e v e l .  A web b u c k l i n g  
c o e f f i c i e n t ,  K2,  o f  a 3 5 . 5  was used  on  the  assumpt ion  that   the  s t ronger   face 

sheets will p rov ide  a f i x e d  ended c o n d i t i o n   f o r   t h e  webs. The extreme  s lope 
o f   t h e   b u c k l   i n g   s t r e s s   c u r v e   i l l u s t r a t e s   t h e   r a p i d   l o s s   i n   s t r e n g t h   t h a t  
accompanies p l a s t i c   f l o w  

40 

. .  



REFERENCES 

1 .  F1 ieder, W .  G. ; Richard, C. E . ;  Buchmann, 0 .  A .  ; and  Walters,  F. M. :  
An A n a l y t i c a l   S t u d y   o f   H y d r o g e n   C o o l e d   P a n e l s   f o r   A p p l i c a t i o n   t o  
H y p e r s o n i c   A i r c r a f t .  NASA CR-1650, 1971.. 

2. Anon: H igh   Tempera ture   H igh   S t rength   N icke l  Base Al loys.   Revised,  
The I n t e r n a t i o n a l   N i c k e l  Company, 1964. 

3. Anon: E n g i n e e r i n g   P r o p e r t i e s   o f   I n c o n e l   A l l o y  625. Report T-42, 
I n t e r n a t i o n a l   N i c k e l  Company, August 1966. 

4 .  Anon: Haste1  loy A 1  l o y  X .  Report F-30, 0370, Union  Carbide  Corporat ion,  
S t e l l i t e   D i v i s i o n ,   A u g u s t  1961. 

4 1  



TABLE I 

TENSILE TEST SUMMARY 

Parent armsphere  as i t  
l a t e r i a l  a f f e c t s   c o a l i n g   r a t e  

Simulated  brazing 

Vacuum 

Hydrogen 

Rapid  cool ing 
( s i m i l a r   t o   h y d r o g e n )  

' I 8  ( s i m i l a r  to hydrogen) 
nconel I Rapid  cool ing 

Vacuum 

Vacuum 

( s i m i l a r  to hydrogen) 

te-rature 
Brazing 

OF!OK) 

19501 1340) 

I950( 1340) 

I950( 1360) 

1950( 1340) 

I800( 1260) 

1950( 1340)  

ISM)( 1260) 

1800( 1310) 

18OOf 1310) 

2070( 1410:. 

19501 1340, 

2070( 1410)  

1950( 1340) 

I8001 12601 

Results as conpared to standards 

b r a z i n g   a l l o y  
Y i e l d   T e n s i l e  Test Simulated Reference or  

heat  tredtment o b j e c t i v e  Duct i  I I c y  s t r e n g t h  s t r e n g t h  

As-received  condi t ion  Standard  for   comparison  Yaspaloy  double 
ag ing  ( 1 1  

Yaspaloy  double 
ag ing  ( I j  

E f f e c t  o f  slower coo l -  
i n g   r a t e  

S l i g h t l y   l o w e r  No change S i i g h t l y   l o w e r  P a l n i r o   7  

"" 

Palni ro  7 RT - 15; h igher ,  No change No change E f f e c t  o f  rap id  cool -   Yaspaloy  double 
ag ing  f I )  ing  r a t e  no change a t  

I ~ O O O F (  I O ~ O O K )  

As-received  condi t ion  Vaspaloy  s ing le 
140O0F(IO3O0K) - 1400DF(i030'U,) - 140O0F(I03O0K) - ag ing   cyc le  
RT - 25' l ess :  AT - s l i g h t l y  lower, RT - s l i g h t l y  lower, E f f e c t   o f   d i f f e r e n t  

ag ing  ( 2 1  
no change 5 0 ;  l e s s  no change 

As-received  condi t ion  Standard for comparison Inconel 718 ag ing  ( 3 )  

P a l n i r o   7  Incone l  718 ag ing  ( 3 )  Ef fec t  o f  t e r r p e r a t u r e   S l i g h t l y   l a r e r   S l i g h t l y   l o w e r  
h ighe r   t han   so lu t i on  
hea t   t rea t   t emera tu re  

S l i g h t l y   l o w e r  

N i o r o  Incone l  718 aging ( 3 )  ' E f f ec t   o f   s l ower   coo l i ng  Ho change 
~ r a t e  

S l i g h t l y   l o w e r  

As-received  condi t ion None 
f N io ro)  

1 Standard  for  comparison I 
As-received  condi t ion  Inconel  718 ag ing  (3' 718 115% h ighe r   a t  RT 1 505 h igher   a t  RT 1 3 0 ;  less a t  RT 
( N i o r o )  

P a I n i r o  I I None 

I Ef fec t  o f  higher  temper- 1 RT - s l i g h t l y  lmrer.8 RT - 10: lower. 
160OoF(llLO0K) - 1600DF(11400K) - , ature  then  normal 

I annealing  temperature 1 I51 less no change 

I 

I r a t e  
P a l n i r o  7 I None \ E f f e c t  of slaver c o o l i n g  No change 1 No change I No change ltmd one s i d e   w i t h  1 None I ! E f f e c t   o f  bra  i n g   a l l o y  1 No change a t  : 
P a I n i r o  I 

No change a t  

Coated one r i d e   w i l h  None E f f e c t   o f   b r a z i n g   a l l o y   no change a t  N O  change a t  

Coated one s i d e   w i l h  None Ef fec t   o f   b raz ing  alloy : 20- higher   a t  NO ihanqe  at  

on d u c t i l i t y { P a l n i r o  I )  1600°F(IlL00K)  160O0F(Il4O0K) i %O';tiI%K) 

P a l n i r o  7 . o n  d u c t i l i t y   ( P a l n i r o  7) 1 6 0 0 ° F [ l l ~ O o d  , IbOO'F< I ILODK) I IbOO°F(I ILOOK) 
25 t   l ess  a t  

I 

; on duct i I i l y  (Niorc! , I60O0F( I ILO'K) 1600°FF(iILOoK) 

(I)  YaSpdIcy  double  aginq c y c l e :  155O0F(Ii2OoK) f o r  4hc, a i r  c o o l .  1400'F(1030°K) f o r  16 h r . .  a i r  c o o l .  

(2)  Y a ~ p a l o y   r i n q l e   a g i n g   c y c l e .  1400°F(10300K) f o r  16 h r . .  a i r  rool .  

(3) Inconel 718 ag ing  c y c l e ,  1325°F(9850K) b r  8 h r . .  furnace coo1 IOOoFi5b0K)/hr. l o  II5O0F(R95"K), ho ld   a t  1150°FF(d950K) t o r  d h! . a i r  :.>>%I 



r 

Sinulated braze 
cycle and lo r  

heat  t reatment 

As rece ived  
,mill annealed  at  
1975OF; rap ld   coo led )  
p l u s  ag ing   (31  

TABLE 2 

WASPALOY T E N S I L E   T E S T  SUMMARY 

a.  U .S .  CUSTOMARY U N I T S  

A s  r e c e i v e d   p l u s  
P a l n i r o  7 c y c l e ,  
vacuum. 1200 sec, 
and ag ing  (31 

As rece ived  p l u s  
P a l n i r o  7 c y c l e ,  
hydrogen. I200 L ~ C ,  

and aging (31 

temperature 

r 
R w m  
temperature 

I400 

As rece ived  p l u s  
1825°F for 2 h r  
p l u s  ag lng  13) I 
A 5  r e c e i v e d   p l u s  1825'F 
for 2 hr p lus ag ing ,   (3 )  

1400 

l o n g i t u d l n a l  

Spec i m n  
v l d t h .  

I". 

0.250 

,250 

"_ 

, 2 5 0  

0.250 

.250 

.250 

0.250 

.250 

, 250  

0 .250 

,250 

.250 

0.250 

,250 

,250 

0.250 

,250 

,250 

0 .250  

,250 

.250 

,250 

0.250 

,250 

,250 

0.250 

.250 

,250 

_____ "_ 

thlcknes r ,  
In. 

0.0103 

.0103 

.0103 

0.0103 

,0103 

,0103 

0.0103 

,0103 

,0103 

0.0103 

,0103 

,0103 

0.0103 

.0103 

.0103 

0.0103 

,0103 

,0103 

0.0103 

,0103 

.0103 

,0103 

0.0102 

.0102 

,0102 

0.0102 

.0102 

.0102 

S p e C l m e "  

~~ ___ 

~ " 

~~ 

s t r  

Tes t 

I 9 5  

192 

191 

I I 3  

I I 2  

I I3 

I 06 

IO4 

t o o  

191 

~~ 

__ 

- 

- 

193 

I92 

I14 

I I3 

I I 5  

I85  

182 

186 

I13 

I15 

I13 

I10 

I10 

I l l  

I09  

I 1 4  

I13 

I 1 4  

__ 

" 

- 

__ 

- 

- 

U l t i m a t e  
cngth ,   k5 i   S t renq lh ,   kb i  

Y i e l d  Jm 
~~~ 

1 0 6  

113 105 105 

105 

I 03 

103 101 101 

98 

125 

192  127 126 

127 

108 

1 1 4  105 107 

107 

124 

184 125 124 

124 

110 

90 

114 90  90 

90 

NOTES: I I1 Spcc imns  were t es ted   t r sn5ve rse   t o   t he  rolllng d l rec t ion ,   except  a5 noted 

' 2 )  Extensometer  readings  and  elongation  were  taken on a 1.0 I n .  gage length.  

( 3 1  i55OoF f o r  4 hr ,  a l r  cool, 1400'F for  16 h r ,  m l r  coo l .  

' L ,  Specimen f a i l e d   a t  gags mark. 
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TABLE 2. Conc 1 uded 

WASPALOY TENSILE  TEST SUMMARY 

b. S I   U N I T S  

"i . . . . . .  ~i 

t h i ckness ,  
Spec ime" 

cm 
"" 

0.0262 

,0262 

,0262 

0.0262 

,0262 

,0262 ~ - "  
0.0262 

,0262 

,0262 
..__- 

0.0262 

,0262 

,0262 

0.0262 

,0262 

,0262 "- 
0.0262 

,0262 

,0262 

0.0262 

,0262 

,0262 

,0262 

0.0259 

,0259 

,0259 

0.0259 

,0259 

.0259 

.. . .- " - 

~~ 

7 a i d  . 
7 ,  MH/m' 

4verage 

~ 

890 

" 

720 

. - . ..~ 

700 

pe 

Test 

27 .5  

21.0 

24 .0  

6.0 

6.0 

7.0 

7.0 

8.5 

8.0 

! 8 . 0  

Z7.0 

!8 .O 

7.0 

7.0 

6.5 

19.5 

16.0 

' 8 . 5  

4.0 

2 . 5  

3.5 

! A ,  

E I( 

- 

- .   . .  

. .. 

. .  - 

. .. 

.-. " 

-.._ 

"- 
3.0 

5.0 

6.0 - 
( 4 j  

6.5 

b.0 
~ 

a 1  ion,  
11 ( 2 ,  

4verage 

~ 

24.2 

~ . "  . 

6.7 

". " 

7.8 

~. . . 

27.7 

. , . .  

6 . 8  

- 

18.0 

_ "  . 

3.3 

51rel 
~ 

Test 

900 

900 

880 

730 

720 

720 

710 

700 

680 

860 

880 

880 

740 

720 

740 

850 

860 

850 

720 

730 

710 

720 

610 

610 

510 

520 

520 

520 

-~ 

". 

" 

.-__ 

- 

"" 

__ 

-" 

~ 

perce Simulated braze 
cyc IC and/or 

heat  t reatment 

As rece ived  
( m i l l  annealed a t  
1350'K; rap id   coo led )  
p l u s   a g i n g  ( 3 )  

temperature 
Tes 1 

O K  

Room 
t e m e r d t u r e  

Spec i m n  
wid th ,  

cm 
- . . . - - , - 

0.635 

,635 

,635 

0.635 

,635 

.635 

0.635 

.635 

,635 

0.635 

.635 

,635 

0.635 

.635 

,635 

0.635 

,635 

,635 

0.635 

,635 

,635 

,635 

0.635 

,635 

,635 

0.635 

,635 

,635 

-__ 

_" 

s t r e  - 
Test 

I310 

I320 

1320 

780 

770 

780 

730 

720 

690 

1320 

I33V 

1320 

790 

780 

790 

I280 

I250 

I280 

780 

790 

783 

760 

760 

770 

750 

790 

780 

790 

". 

~ 

" . 

" 

___ 

- 

_= 

- 

arc 

Tes 1 

24 

21 

25 

8 

8 

8 

8 

IO 

I O  

2 4  

24 

22 

7 

10 

3 

20 

1 7  

19 

3 

4 

- 

. .. 

.. 

.- 

. .. 

6 

- 
18 

17 

19 
.. . 

19 

1 7  
"_ 

I030 

Palniro 7 c y c l e .  
YaCUUm, I200 5 ,  
and  aging 3' 

780 

: . 

710 

A s  rece ived  p lus  
PaIniro 7 cyc le ,  
hydrogen, I200 I, 
and  aging ( 3 )  

Room 
temperature 

I030 

870 

730 

" 

850 

.. ~ 

720 

As r e c e i v e d   p l u s  
ag ing   a t  1030'K temperature 
f o r  16 h r  

I030 

A 5  rece ived  p lus  
1270'K fo r  2 h r  
and  aging 3 I 

I030 

- 
I030 

610 14.7 

As received D I U S  1270°K 
f o r  2 hr and aging ( 3 ) ,  
l o n g i t u d i n a l  620 16.3 
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TABLE 3 

INCONEL 718 TENSILE TEST SUMMARY 

a. U.S.  CUSTOMARY UNITS _" " " "" " 

Elongat ion,  
percent f 2 )  

Test Averag 

16.5 

19.0 

21 .o 

19.8 

15.0 

16.5 16.5 

18.0 

20.0 

18.0 16.0 

19.5 

19.7 18.5 

21.0 

I I .o 

1 1 . 7  13.0 

11.0 

20.0 

1 8 . 1  19.5 

16.5 

.. - 

- - - - . " . 

"~ 

- 

area,  percent 
Reducrlon i n  

r e s t  Average 

- 

20 

22 

26 

23 

23 

20 I9  

20 

20 

21 19 

22 

20 22 

16 

15 

16 16 

20 

12  

I L  I: 

12  

- " 

" 

~- 

-~ 

Simulated braze 
c y c l e  and/or 

h e a l   l r e d t m n t  

As r e c e l v e d   ( m i l l  
annealed  at  1800°F. 
I h r )   and  aged ( 3 )  

Rorm 0.251 0 . O l O l  I 7 6  

175 1 .249 I .0101 I I 206 1 I 76 

.247 .0101 206 I 76  

I2W 0.250 0.0102 167 145 1 .250 1 ,0102 1 166 1 167 1 144 1 145 

,245 .0102 168 146  . 
" ~ ~ 

temperarure 

". " 

I200 0.250 

,250 

.0102 

. . _" " 

I66 

I30 , 

I 

1.. 
NOTES: , I )  l e 5 1  loads  appl ied I ranSverSe  t o  r o l l i n g   d i r e c t i o n  

.L - 

21 Exthnsomerer  readings  end  elongation were taken on a 1.0 in .  gage leng th  

(3' ~nconel 718 aging: 1325OF for 8 hr, furnace cool IOO°F/hr t o  1150°F, ho ld  a t  I 1 5 0 ° F  f o r  8 hr,  a i r  c o o l .  

b. SI UNITS 
". - . . 

temperature,  
O K  

Te51 

Room 
temperature 

. "  . 
920 

Room 
temperature 

. .. ~ 

" .  
920 

- _ .  
R w m  
temperature 

.. . . 
920 

.. 

. .  . 

Spec ime! 
wid th ,  

cm 

0.638 

,632 

, 621  

0.635 

,635 

,635 

0.635 

,635 

,635 

. .  

. .. 

0.635 

,635 

0.635 

,635 

,635 

0.635 

,635 

,635 
" 

Ul t ima te  
" ~. 
Y i e l d  -1 area,  percent 

Reduction i n  

" 

rest Average 
- _ _ _  
20 

2 2  23 

26 

23 

19 2 1  

20 

20 

19 20 

20 

16 16 

- 

- 

- 

" 

15 

16 

22 20 

22 

I 2  

I 7  14 

12 

Elonga t ion .  
percent  ( 2  Simulated braze  

cycle  andfor 
heat treat men^ . - -. . . . . . . 

As rece ived  mi I I 
annealed a t  1260'K. 
I h r  and aged 13'  

h, HN/m' 

Average 

. .- 

.. . 

I 4 2 0  

. .  

I150 

I360 

. .  

1050 

.~ . 

1110 

~. 

I130 

. ~ .  

h, HN/n 

Average 

" 

I210 

IO00 

I130 

920 

I160 

970 

i t  rer  

res t  

1210 

1210 

I210 

IO00 

990 

1010 

I100 

I I50 

I110 

940 

900 

I150 

I180 

I160 

970 

960 

970 

~. 

. .  

spec i nen  
thichneSs, 

cm 
~. 

0.0257 

.0257 

,0257 

0.0259 

.0259 

,0259 

0.0259 

.0259 

.0259 

0.0259 

.0259 

0.0259 

.0259 

,0259 

0.0259 

.0259 

,0259 

. .  

. . .  

- 

~. ~ . 
Strenot 

Test  

I430 

I 420 

I 4 2 0  

I150 

I160 

I160 

I320 

I370 

I380 

1070 

1040 

1110 

1110 

t 020 

i I40  

1120 

I130 

. .  

. .. 

.. "_ 

I .~ 

res r 

16.5 

19.0 

2 1  .o  

10.0 

16.5 

15.0 

2 1  .o  

1 8 . 5  

" 

19.5 

16.0 

20.0 

16.5 

19.5 

20.0 

11.0 

13.0 

11.0 

.- 

Average 

. 

" . 

1 9 . 8  

16.5 

- .~ . ~ 

A=, r e c e i v e d   p i u s  
p a l n i r o  7 c y c l e ,  
I200 5 ,  vacuum, 
p lus   ag ing  ' 3 )  

1 9 . 7  

". ~ 

18.0 

18.7 

". - 

11.7 

" 

NOTES: ( I )  T e s t   l o a d s   a p p l i e d   t r a n s v e r s e   t o   r o l l i n g   d l r e c t i o n .  

( 2 )  EItenr-ter readings  and  e longat ion were taken c.- a 2 . 5  cm gage length.  



Parent 
m a t e r i a l  

Waspa 1 oy 

Incone l  718 

Incone l  625 

TABLE 5 

SPECIMEN BRAZING CONDIT IONS 

Braze 
a l l o y  

P a l n i r o  7 

P a l n i r o  7 

P a l n i r o  7 

P a l n i r o  7 

N i c robraz  65 

N i c robraz  65  

P a l n i r o  7 

P a l n i r o  7 

P a l n i r o  7 

P a l n i r o  7 

N 

N 

N 

N 
~ 

I 

I 

o r 0  

or0 

or0 

o r 0  

I 

I 
- 

P a l n i r o  I 

P a l n i  ro I 

P a l n i r o  I 

P a l n i r o  I 

P a l n i r o  7 

P a l n i r o  7 

P a l n i r o  7 

P a l n i r o  7 

N i o r 0  

N i or0 

N i o r 0  

N i o r o  

Braze 
atmosphere 

Vacuum 

Vacuum 

Hydrogen 

Hydrogen 

Hydrogen 

Hyd r ogen 

Vacuum 

Vacuum 

Hydrogen 

Hydrogen 

Vacuum 

Vacuum 

Hydrogen 

Hydrogen 

Vacuum 

Vacuum 

Hydrogen 

Hydrogen 

Vacuum 

Vacuum 

Hydrogen 

Hydrogen 

Vacuum 

Va cu um 

Hydrogen 

Hydrogen 
” - 

Braze 
temperature, 

OF( OK) 

I950( 1340) 

I950( 1340) 

I80O( I 260) 

2070( I4 IO) 
. . . .~I . ~ _ _  .,. 

l950( 1340) 

I800( I 260) 

Braze 
t ime, s 

300 

I200 

300 

I200 

300 

I200 

~~ 

300 

I200 

300 

I200 

300 

I200 

300 

I200 

300 

I 200 

300 

I200 

300 

I200 

300 

I200 

300 

I 200 

300 

I200 

. .. . .~.~.  . 
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TABLE 6 

BURST AND CREEP  RUPTURE  TEST  SCHEDULE 

I 
B raz ing  condi t ions Po5 t Test 

Tests 

j Ma te r ia l  i Alloy 1 Atmosphere i Time, s ~ t reatment* ' 'F('K) , Burst  I rupture 

~ Waspaloy I Pa ln i   ro  7 1 Vacuum i 1200 Uaspa loy I400( 1030) Yes , Yes 

braze  heat . temperature,  Creep 

I I 

1 I P a l n i r o  7 
Hydrogen j 

1 Nicrobraz  65 I Hydrogen 

P a l n i   r o  I Vacuum 
! 

~ Inconel  718 P a l n i r o  7 ! Vacuum I200 Inconel  718 1200(920) Yes  Ye5 

: P a l n i r o  7 Hydrogen 1 1200 Yes ' Ye5 

I P a l n i r o  7 , Hydrogen ~ 300 Yes Yes 
I 

Nio ro  Vacuum 1200 ' Ye5 No 

No , Inconel  625 sheet ,   Paln i ro  7 , Vacuum ! 1200 Inconel  718 , 1200(920) i Yes 
I Inconel  625 f i n s ,  
j Inconel  718 sheet : N io ro  
I- 

' Inconel  625 ~ P a l n i r o  7 Vacuum i I200 j Inconel  71 8 ; l600( 1140) Yes  Ye5 I 

! I I 

P a l n i r o  I I200 

\ 1 300 r P a l n i r o  I ' 
1 

Hastel loy X Pa I n i   r o  I j Vacuum ' 300 

P a l n i r o  4 I 1 300 
I 

P a l n i r o  4 

P a l n i r o  4 

P a l n i r o  4 

P a l n i r o  4 

P a l n i r o  4 

P a l n i r o  4 

300 

300 

300 

600 

I200 

I200 

None 

I 

1 
1 

, 
f 

l600( I 140) 

RT 

I ZOO( 920) 

I 500( 1090) 

600( I 140) 

600( I 140) 

500( 1090) 

600( I 140) L 

Yes 

Yes 

Yes 

Ye5 

Yes 

Ye5 

Yes 

No 1 Yes 
I 
I 

! 
! 

No 

No 

Ye5 

Yes 

Ye 5 

No 

Ye5 

*Uaspaloy  heat  treatment: 1550OF (1120'K) f o r  4  hr, a i r  cooled  plus 1400'F (1030'K) f o r  16 hr, a i r  cooled. 

Inconel  718 heat   L rea tmnt :  1325'F (990'K) f o r  8 hr,  furnace  cooled  at IOO'F per  hr (50'K p e r   h r l   t o  1150°F 
(890°K),  held at 1150OF (890'K) f o r  8 hr, a i r   c o o l e d .  



L 

TABLE 7 

BURST  TEST SUMMARY 

a .  WASPALOY, INCONEL 718 AND INCONEL 625 

te5 l   l empera tun  
M a t e r i a l  and 

Yaspaloy. 
14OO"F( 1030'K) 

Inconel 718 ,  
120O0Fi92O0K) 

" 

I n c o n e l  625, 
Inconel  718. 
1200°F~9200K, 

I n c o n e l  625, 
IbOO'F'I   140°K 

. .  ._ 

Brazing 
cond i 1 ion' 
.~ ~ 

P a l n i r o  7 ,  
vacuum, 
1200 s 

P a l n l r o  7 ,  
hydrogen. 
I200 5 

P a l n i r o  I ,  

I200 5 

YaC""", 

.. -. 

P a l n i r o  7 ,  
vacuum, 
I200 5 

Nioro,  
vacuum, 
I200 s 

P a I n i r o   7 ,  
hydrogen. 
1200 5 

P a l n i r a  7 

300 5 

hydrogen, 

~. . 

Paln i ro   7 ,  
v a c w m ,  
I200 s 

Nioro,  
vacuum, 
I200 s 

.... 
P a l n i r o  7, 
vacuum, 
I200 s 

P a l n i r o  I, 
vacuum, 
I200 s 

P a l n i r o  I, 
vacuum, 
300 s 

. 

_ .  .- 

Test  burst 
pressure,  

ps i ( kN/m2 I 

2 1  IO( 14 5 0 0 )  

l900(   I3  100) 

2990( 20 600) 

2100( 14 500) 

2020( 13 900) 

2050( 14 100) 

2660( I 8  300) 

2550( I 7  600) 

22601 15 6001 

I770( I 2  200) 

23 I O (  I S  900) 

1900( 13 1001 

600( 4 140) 

4 IO( 2830) 

470( 3240) 

2180( 15 000) 

204Oi I 4  100; 

2080( I 4  300) 

I380( 9520) 

" 

. . "_ 

~. 

. - . . . . .  

1320(9100j 

I450( 10 000) 

5280:36 400) 

L980(  3L 300) 

5580( 38 500) 

4330( 29 900) 

45201 3 I 2M))  

4600( 3 I 7001 

1550( I O  700) 

2300( 15 900) 

I800( I 2 LOO j 

2150( I A  800) 

2920( 20 100) 

1900( I 3  000) 

2200( 15 200) 

2700( I 8  600) 

2550( 17 600) 

.... 

" 

. .  

... " - ... 

Average  burs 
pressure, 

ps i ( kN/m2 ) 
"~ . ... 

2330( 16 100) 

~ -~ - " 

2060( 14 200) 

2490( I 7  200) 

. .  

1990( I 3  700) 

. . . . . . . .  

490( 3380) 

. . 

2100( I 4  500j 

.. - - - ..... 

I380( 9250) 

. . . . . . .  

5280(36 400) 

4480( 30 900, 

. . . . . . .  

I88Oi  I 3  000) 

"- ." 

2320( 16 000) 

2480( I 7  100) 

. . . . . . .  - 
Avel-aqe I in 

t e n b i l e  s i r e 5  
a t  b u r s t ,  ( I  

ks i ( HN/m2 j 

36.7( 2531 

- . " 

32.4(223) 

". 

39. I (  270) 

. - .  

64.6(4L5j 

. . . . .  

15.9( I I O ,  

. . . .  

67.91168) 

........ - 

4 4 .  7( 308) 

. .  

60.8(419! 

~- 

51.6(3561 

......... 

21.7( 150) 

_ _  .. -~ 

26.8( 185) 

" ~- 

28.6( 197) 

._ 

NOTES: ( 1 )  F i n  stress = (p ressure   load   a t   burs t ) / ( f in  tensile a r e a ) .  

..... - - .. 

Average f i n  s t r c  
d iv ided  by 

u l t i m a l e   S l r e r ,  
. " ". 

0.32 

0.28 

. . . . . .  

0.34 

. . .  

0.43 

. . . . .  

0. I I 

0.45 

0.30 

........... 

0.55 

. . .  

0.46 

"~ . . 

0.54 

. . . . . . . . . .  

0 . 6 7  

~ ~- 

0.71 

. "" . 

'2) Publ ished  ul t imate s t r e s s  values for  the  Uaspaloy, Inconel 718 and Incone l  625 f in5  are  quoted 

from reference 4 .  
i n  f i g u r e s  1, 6 and 8 ,  r e s p e c t i v e l y .   H a s t e l l o y  X p u b l i s h e d   u l t i m t e   S t r e s s  values were laken  
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TABLE 7. Conc luded 

BURST  TEST SUMMARY 

b. HASTELLOY X 
___ " . - .... 

- 
b f i n  

(0. 159' 
0.063 
__. 

" 

0.050 
(0.127 

.. ." 

,o. 127' 
0.050 

- 
0.029 

( 0 . 0 7 4  

. " . 

-. ._  
0.153 
0.390 

,o. 127' 
0.050 

. . .  
0.075 

,o.  191 

~ ~" 

0.025 
0,064 

." 

t i l "  
" 

0.006 
,0.015' 

.. ". 

,0.015' 
0.006 

:0.010: 
0.004 

0.002 
0.005: 

, 

T i m   a t  

l enpc ra tu re ,  ( 4  
braze 

s 
~. 

. - . 
300 

I200 

300 

300 

- ~. 
300 

300 

." . . 

300 

. . ~ .  ~ 

b r a z e   f o l l  
P a l n i r o  1 

th ickness, 
In. (cm) 

O.Wl(0.0025) 

O.OOl(O.WZ5) 

- ~. . 

-___ 
0.001(0.0025) 

" . . .  
0.00I(O.0025) 

- . . . . . .  
O.Wl(O.0025) 

-. . ~ . 
O.OOl(0.0025) 

0.001(0.0025) 

- . ". 
0.001(0.0025) 

0.001(0.0025) 
. .  

. . .  
0.001(0.0025) 

0.0005(0.00l3 

0.0005(0.00l3: 

". . 

0.0005(0.00l3~ 

. . ".  

tenperarurr  
Test 

O F ( O K )  

. ___ I-( 1140) 

1 6 0 0 (  1140) 

. . . .  _ -  
1 6 0 0 (  1140) 

- ~ ". 

1200( 920)  

R o a n  
tenperature 

1600( 1140) 
." 

1600( 1160) 
"_ 

. . . .  
1 6 w (  1140) 

... - 
l500( 1090) 

I 500( I090 ) 

1500( 1090) 

I500( I0901 

" .. 

. . . . . .  

.. _. .. 
1600( 1140) 

. .. 

Test burs t  

ps I ( kW/m2) 

pressure 

2110( I 4  7001 

l610( II 1 0 0 )  
___- 

1700(11 7 W )  

1680( I I  b w )  

I4OO( I O  2 0 0 )  

1580( I O  900) 

l530( 10 5 W )  

3600( 24 8 0 0 )  

36W( 24 8 0 0 )  

3750( 25 9 0 0 )  

7400(51 O M ) )  

~~ 

. . . . . . . . .  

7300(50 300) 

2750( 19 O W )  
~ " 

2830( 19 500) 

2680(  I8 500) 

2380( 16 400) 

3020( 20 8 0 0 )  

2080( 14 300)  

~ 

. " 

1680( I I 500J 

3650(  25 200) 

3250( 2 2  400) 

2 l30( 14 700) 

. ~ ." 

1400(9700) 

2580( I 7  800) 

2480(  I 7  100) 

1980( I 3  700) 
. . .  

25W( 17 200) 
.. - 

" 

11.51 100, 0.391 

3 4 .  71 239, "I O.Is13 

. ". 

6 9 . 8 ( 4 8 1 ,  0.605 1 
1 

0.571 

30.91213, 0.847 

21 .6t 149, 0.592 

4 6 . 6  321 

. . . . . .  " 

0.909 

28 .8 ,  199 

18.4, I30 
"" . " 

0.370 

NOTES: ( I )  F l n  s t r e s s  = (p ressu re  load a t  b u r s t ) / ( f I n  tensile area) 

' 2 ,  P u b l l r h e d   u l t i m a t e   s t r e s s  values f o r   t h e  YaSpJloy, I ncone l  718 and Inconel 625 f l n s  were  taken  from  f igures 4. 6 and 8 
r e s p e c t l v c l y .   H a s t e l l o y  X u l t lmatc  s t ress   va lues  were taken f rom  reference 4. 

13,  Rectangu lar   o f fse t   f in   geomet ry  as sharn In f i g u r e  2b. Face sheet   th ickness was 0.015 in .  (0.038 cm'l. 

1 4 ,  The m a j o r i t y   o f   t h e   H a s t e I I o y  X specimens were vacuum brazed. 
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M a t e r i a l   a n d  
t e s t   l e n l p e r a t u r l  

Yaspaloy,  
1400°F(  1030°K) 

I n c o n e l   7 1 8 ,  
1200°F~9200K 

Incone l   625 .  
1600°F( I 140°K 

TABLE 8 

CREEP  RUPTURE  TEST SUMMARY 

a.  WASPALOY, INCONEL 718 AND INCONEL 625 

cond i t ions  
B raze  

P a l n i r o  7, 

1200 5 

VaCUUIn. 

P a l n i r o  7. 
hyd rogen .  
1200 5 

p a l n i r o  I .  
"ac"""l, 
I200 s 

P a l n i r o  7, 
vacuum, 
1200 5 

~ 

P a l n i r o  7, 
hydrogen, 
I200 5 

p a l n i r o   7 ,  

300 s 
hydrogen, 

P a l n i r o  7, 
vacuum, 
1200 5 

P a l n i r o  I ,  
vacuum, 
1200 5 

P a i n i r o  I, 
vacuum, 
300 s 

Test 
p r e s s u r e  

p s i  ( kN/m 

400( 2760) 

300(  2070 

300(  2070) 

350( 2110) 

350( 2410) 

325( 2 2 4 0 )  

325(  2240) 

275(  1900) 

225(  1550) 

300( 2070) 

600( 4 140 I 

100( 2760) 

400( 2760) 

350(  21 I O )  

350( 2 4  I O )  

350( 24 I O )  

400( 2760) 

4001 2760' 

1001 27601 

400( 2760'  

4001 2760 

500  3450: 

boo( 2760' 

600,2760', 

300( 2070 

5201.3590' 

260( 1790' 

390(  2690 

175( 1210: 

175: 1210, 

220,  15201 

870( 6000. 

390(  2690 

260(  1790) 

220! 1520) 

260( 1790; 

390(  26901 

870( 6000) 

390( 2690) 

260( I7903 

260( 1790: 

390(  2690 j 

~- 

___ - 

"~ 

" -. 

___- 

220( 1520) 

870(6000) 

__- 

Time to  
r u p t u r e ,  

h r  

24.3 

27.7 

83.2 

26.7 

32.0 

44.5 

30.2 

38.3 

64.5 

117.3 

3 .6  

33.9 

54.0 

63.3 

43.5 

38. I 

3 4 . 0  

60.2 

113.0 

281.0 ! 3  

~- 

~~ 

." " 

89.6 

C.2 

12.4 

8.7 

69.7 

I . 3  

35.0 

7 . 5  

128.0 

82.5 

81.8 

12.5 

39 .6  

37.5 

82.9 

54.0 

14.6 

18.7 

15.5 

52.5 

11.8 

5.2 

16.0 

4 . 3  

"" ~ 

F i n   t e n s i i ,  
s t r e s s ,  ( I  

k s l  (MN/rn2 

6 .3 (43 )  

~. 

4.7(321 

4 . 7 ( 3 2 )  

5 .5 (38 )  

5 .5 (38 )  

"_ .. 
5. l ( 3 5 j  

5. l ( 3 5 J  

4 . 3 ( 3 0 )  

3 .5 (241  

1 .7 (321  

9 .4 (651  

6 . 3 ( 4 3 )  

6.31 431 

. " 

5.5(381 

5.5(381 

5.5(381 

12.9189, 

1 2 . 9 ' 8 9 ,  

12.9;  89, 

12.91 89 

12.9189 

16.2' I 1 2  

- ." 

. . . . - - . 
12.9  89 

12.9t89, 

9.7167 

6.0(41,  

3 .0 (21 ;  

1.5L31 

2.0( 1 4  

2.0! 1 1 :  

2 . 5 1  1 7 1  

10 .0(69 .  

4 . 5 ( 3 1 1  

3 . 0 ( 2 1  I 

2.5( 17 

3 . 0 ( 2 1  

1 . 5 ( 3 1  

10.0(69) 

"_ -~ - 

4.5(31 1 

3 .0 (211  

3.0(21'1 

4.5(31'1 

2.5(  17) 

10.0(69! 

r u p l   u r e  51 reSb, 
Pub1  ished 

k5 i ( MN/rn2 I 

" . 

74(5101 

73(  5001 

62( 4301 

~ - - 

74(5101 

72(  5001 

67( 460) 

72(  5001 

70( 4 8 0 1  

641 110, 

591 & I O )  

100' 690 j 

7 1 f 4 9 0 ~  

66( 460, 

6414401 

681 4701 

701 480 

I I51  790 

I IO1 760, 

IO1 720 

~" ". 

~~ ~ . .. 

.. . . ~ 

951 660 

I06i 730 

130 900 

125 870 

130  900 

109 750 

26' I80 

I 4  97 

19: 130. 

I I '  76 

12 83 

121 83 

39.  270 

11; 97 

141 97 

12 83 

13 90 

Ih( I10 

371 260 

161 I10 

13190 

~" 

." ." 

1 8 ~  120 

201 140,  

16( I10 

12,290) 
____. " 1 . 

.. . . 

0.118 

0 . 1 2 8  
.. - . .. 

" 

0.097 

" "_ - .._, 

0 .207,  ' 
i 

0.251 

0.212 

~ - 

NOTES: ' 1 1  F i n   s t r e s s  = ( p r e s s u r e  l o a d ) / ( , : -  t e n s i l e   a r e a :  

12, V a l u e s   o b t a i n e d   f r o m   F i g u r + s  21, >1 and 23 for  t h e   t e s t   r u p t u r e   l i f e  o f  Waspaloy.  I n c ~ n e l  7 1 8  
a n d   I n c o n e l  625, r e s p e c t i v a l , .   + > f e l l o y  X v a l u e s   o b t a i n e d  from f i g u r e  24 and  re feoencc 4 
f o r   t h e   t e s t   r u p t u r e   i l f e .  

( 3 ,   T e s t   d i s c o n t i n u e d ,   n o   r u p t u r e   o c c u r r e d .   P u b l i s h e d   r u p t u r e   s t r e s s   i s   b a s e d  on 2 8 1   h r   r u p ~ u r e   l i f e .  

( 4 1  T e s t   a t  1400°F( 1030°K), n o t   i n c l u d e d   i n   a v e r a g e   r a t i o .  

( 5 1   F a i l u r e   o c c u r r e d   i n   t h e   b r a z e   a l l o y   f o r  a l l  pane ls .  
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TABLE 8 .  Concluded 

CREEP  RUPTUAE  TEST  SUMMARY 

b. HASTELLOY X 
- - "" 

Braze f o i l  
th ickness ,  

in.  (cm) 

0.0010 
(0.0025) 

" ." 

Pub1 i5hed 

k b  i 1 HN/n?l 

14.7f101, 

. .. . " . . 

ruplurr  ,I re..,, f 

. - . . . . . . "_ 

20.01 138, 

15.81 1091 

17.01117, 

1 2 . 2 1 8 L j  

13.8195, 

14.2'98, 

14.5' 100, 

13.9'96; 

13.4892, 

13.719L 

11.4!99, 

. - - - - . . . " 

~. - ~ ~. 

14.3 99 

13.7'9L 
~ -~ 

13.3 92 

11.0 97 

14.7 101 

1 L . L  99 

15.2 105 

15.0. I03 

-~ . ". 

. ~ - "" 
18.6 128 

16.9 1 1 7  

18.5 178 

15.5, 107 

18.8 I30 

16.9 I 1 7  

17.71 I22 

" . ~" 

19.5  134 

23.01 159 

2 L .  0, 165 

17.0:.  117 

__ " 
22.5.  155 

2 1 . 0 .  145 

uplure ,  
'ime I O  

hr 

10.8 

2.5 

7.7 

5 .3  

__ 

__ 

~. 
26.0(8, 

15.4 

12.6 

11.5 

14. I 

17.2 

___ 

15.3 

11.6 

12.0 

15.6 

18.0 

13.7 

10.7 

I I ,3  

8.8 

9.3 

3.4 

5 . 2  

3 .5  

8.3 

3 .3  

5.6 

4 . 4  

2 . 8  

6.4 

4.7 

5. I 

- " 

"" 

"_ 

~ 

__ 
6.8 

10.6 
" 

Braze 
d l  loy 

P a l n i r o  
4 

.. -- 

_- 
P a l n i r o  

4 

( I  i n  - 
0.006 

(0.015 

~- 

(0.015 
0.006 

. " 

(0.159' 10.3901 
0.063 0. I53 1600( 1110) 550(3790) 

7W( 48301 

1600( 1140) 550(3790) 

550( 37901 

___."__ 

550( 3790) 

1600( 1140) 650( 4480) 

700( 48301 

750(51703 

1600( 1140) 700(46301 

750( 5 170) 

800( 5520) 

l600( I 140 I BOO( 55201 

800( 5520) 

BOO( 5520) 

1600< I14Oi 950(6550l 

lOOO(6890, 

I W O (  7240) 

1600( 1 1 4 0 )  lOOO(6090, 

" - "~ 

~- ~ _ _  - 

~ ~~ "" - 

"_ 

1000( 6890 

I0001 6890 1 

1600( 1140)  7BO( 5380; 

650( 4480) 

7001 4830, 

600(41401 

" 

600( 4 140,  

1600(1140, bOO(LI40: 

550( 3790: 

550(3790) 

1500( 1090) 850(5860) 

___._- "" 

- - 

750(51701 

I600( i 140) 6W( L 140) 

" 

I500( 1090) 750( 5 170) 

700( 4830) 

600 
(0.0025) 
0.0010 

-~ 

(0.00251 
0.0010 

(0.0033) 
0.0013 

0.351 

__ - 
300 

" " __ 
0. L O 2  

~ "_ 
300 0.411 

(0.0036j 
0.0014 

.i" ~ - 
0.339 0.006 

U . 0 1 5  
300 0.0013 

I O .  0033 > 

" " 

0.0014 
(0.0036) 

I "- -.__ 

300 0.336 

10.010 
0,004 P a l n i r o  

4 
300 

i0.0025i 
0.0010 

0,362 I 
I 

I200 
(0.0025, 
0.0010 

! 0.005 
0.002 P a l n i r o  

I. 
300 

(0.0025) 
0.0010 

300 
(0.0025) 
0.0010 O.'lb I 

( 0 . 0 0 1 3 )  
0.0005 0.450 I 

I 
"I 

300 

NOTES: ( 1 )  F i n  s t r e s s  .: (p ressure  l o a d ) / ( F l n   t e n s i l e   a r e a ) .  

. 2 ,  Values obtained From f i g u r e r  2 1 .  2 2  and 23 for the t r l t  . u o t u r t   l i f e  of Yaspaloy, Inconel 718 and Inconel 625 .  r e s p e c t i v e l y .  
HaSle l loy  X va lues  were obta ined f rm f i g u r e  24 and re;:--?.e 4 for the  t e 5 1  rupture l i f e .  

16, Rec tangu la r   o f f se t  F i n  g e o m t r y  as shmm In Figure  2b. Face sheet th ickness  was 0.015 in. (0.038 cml. 

17, The m a j o r i t y  o f  the  specimens were vacuum brazed. 

1 8 ,  26 h r  a t  550 ps i   (3790 kN/m2) 1) e q u i v a l e n t   t o   t h e   a c t u a l   t e s t  of  I O  hr a t  550 p s i  (3790  hl/rn2)and 5.3 hr a I   700  p s i  ,4830 LN/m2' 
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TABLE 9 

FLEXURE TEST  SPECIMEN DETAILS 

Waspa 1 oy  panel  I n c o n e l  718 panel 

Braze a 1 loy P a l n i r o  7 P a l n i r o  I 
~~ ~ ~ 

B r a z i n g   c o n d i t i o n s  Vacuum, I 200 s a t  
2070'F ( 1410'K) 

Heat t rea  tment 155OoF ( I120'K) - 4 hr, 
a i  r cooled I 

~~ ~ ~ 

' Vacuum, I200 s a t  I 95OoF 
( I 34OoK) 

1325'F (990'K) - 8 hr, 
fu rnace  coo led   f rom 1325'F 
( 990'K) t o  I I 50'F  (890'K) 
a t   t h e   r a t e  of  IOO'F (56'K) 
per  hour, I I 5OoF (890'K) - 
8 hr, a i r   c o o l e d  

Cross sect   ion  geometry Same a s   f i g u r e   2 6 f  Same a s  f i g u r e  26e 
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T A B L E  10 

FLEXURE TEST SUMMARY 

, H a t e r i a l  

Waspaloy 

S t i f f n e s s :  i n / & ' ,  Ib - in . / in . '  !kH-m/m2. ,  I 
for  pure bending. lp/o,!, Ib/in.'  IkN/m2,, ; 

R a t i o  o f  t e s t  1 t o   t heo re t i ca l  1 
' Y i e l d  moment, Ib - in . / in .  iN-m/rnl ! B u c k l i n g   m m n t ,  lb-in./in. 'N-m/n,ivalues, y i e l d  I 

for Waspaloy  and 

Test ' 'F('KI ' Test values I Test  Average , value ' Tes1 va luer  i a'rerage  value  Test  values  average I value 1 f c r   Incone l  718 I 
buck l ing  YS y i e l d /  Test i Theore t ica l  

for combined loading 
Test 

Temperature, ~ r heore t   i ca l  ' Test Theoret ical  

Pure RT 708( 124)  750! 1321 700( I23 1 133,592 I 141(627, , 102'45L,. ' 155(690, ~ 1 6 1 ' 7 1 6 .  
bend i ng i > 1.0 

I 
t 

798( 140) 14716541 , 1591708 i 
I 
I 1 

, 745( I ~ l i  I 1421632, j 169!752 i j 
I 

14W( 1030) 488(86) , 493(86' S55( 97, 1071476 ' 104 4 b 3 ,  1 87'387. > 1.0 I 
I 

: 465( 82) 96( 427, 

530(93) ~ 109(A85) 

~ 

- , 3 ,  ' - , 3 .  j - 
I I 
! I 

I 
Bending ; RT j 1zzo(841oj I I ~ O ( ~ I ~ O J  1 I I  lO(76501 ~ 152!6761 

1 141(641) 

1 148(659; i 1 :hear, I250( 8620) i I 148(659' ' 

1 re in -  ' 1 l080( 7450' I 1 I -  lOl(450; j 173(770: I~O(BCI. 
' P I U S  , I ' ! 

172(765, 

I66( 738 
I In te rna l  1 

, forcemnt; 

I 

I I 
1 I 

I 
J 

Bending RT : 1200(8270) ' 1180(81301 i IZW(8270) ~ 151(672 1 147!654 , IOI,LSO, , 165(73A 

shear, , 1180(8130! I ~ 149(663, I I 
! 159  708 

I ~ ~ L . e n t ~  I I 
I I60(80W) 1 I / 141(627) i 

l ex te rna l  , I I 

.8 p l v 5  
> 1.0 

! I 
1 154(685 

1 159~708 1 I 
I j 

: Inconel  I Pure I RT I I 2  900(2260~ ' I1 6W(2030) ; 10 700( l880! ' 620(2760 ( 4 , '  636(2830:1 643,2860 641.2850 /649,2890' 
, 718 ; bending 

622,2770 ! 0.99 

! l I ZOO( 920. 

I O  5M( 18401 ! I 
~ 620!2760' : 4 ' ,  

i 

~ 1 ' !  I I 
I I 500(  2020r 1 C67(2970 : L  ~ 1 ' 686,3050 ~ ! I I 

8380!1470; , 7940(1390, 9780t 1540, I I ' 529,,2~50 j o78(2130 1'7a.2130 I 525.2340 0.91 

7850( 1580: I47312110 1 
7580( 1330, i I 

_ z  . _ .  I - : 5  1 564,2510 16 400( I I 3  OOOil 1 

569~2530 ' 590.2630 ' 0.93 I I 610 2710 I 584,2600 15 OOO( 103 000: ~ IS 6MI 107 OOCi l  16 WO\ I I 4  000' 

484,2150 1 

I 

1 I ! I I - 5 5 '  

I 

! ! 

I - ,5  

! I I 

~ I I I 
15 4001 106 0001 I 558 ZL80 i 



Heat  Flux, q /A,  B t d s e c  F t '  (kW/m2) 5 t o  100 ( 5 7  t o  IILO) 

Pressure, P, p s i  (kN/m2) 5 t o  50 ( 3 5  to  350) 

T o t a l  weight, I b / F t '  (kg/rn2) 2 to  L ( I O  to  20) 

Thickness,   t ,  in. (cm) I to  3 ( 3  t o  8 )  

Concept W Concept 3 

IO  to  M O  (110 t o   5 7 0 0 )  

5 to I00 ( 3 5  to 690) 

3 t o  6 ( I 5  to 2 9 )  

2 to 5 ( 5  to 13) 

10 t o  500 ( I I O  t o   5 7 0 0 )  

50 t o  250 ( 3 5 0  to  1730) 

5 to E (24 t o  39) 
3 t o  7 ( e  t o  18' 

Figure 1.  Operating  Conditions  and  Configuration for  Regeneratively  cooled 
Panel  Applications 



t =  f 

Face  sheet ( typ  i ca 1 ) 

S i de header 

P l a i n   r e c t a n g u l a r   f i n   g e o m e t r y  

hf i n  
b f i n  = 0 .05  i n .  (0. 13 cm) 

t f i n  = 0.003 o r  0.004 i n .  

= 0.075 i n .  (0 .  191 cm) 

(0.008 o r  0.010 cm) 

ba r 

a .  S i n g l e   l a y e r   p a n e l  

Fi  gu r e  2 .  Geomet r y  of Reference Pane 1 s 
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Heat  exchanger  face 
s h e e t   ( t y p i c a l )  

Heat  exchanger f i n s  

Prime  panel  side 
heade  r ba r s 

Chevron f i n   d e t a i l s  

h = 0.306 in .  ( 0 . 7 7 7  cm) 
Rectangular   o f fset   f in   geometry  

h f i n  

bf in 

t f i n  

= 0.05 in .  (0.13 cm) 

= 0.05 i n .  (0.13 cm) 

= 0.004 i n .  (0.010 cm) 

tc  = 0.006 i n .  (0.015 cm) 

b. Two layer   panel  

Figure 2 .  Concluded 
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1.0 in. 
(2.5 cm) Spotweld ( t y p i c a l )  7 

2 in. (5 cm) 

a a 

a 0 
a a 

Spec imen w i  d t h  
D o u b l e r   ( t y p i c a l   f o u r  
p l a c e s ) ,   a l s o   r e f e r r e d -  
t o  as  tabs, 0.05 i n .  

0.37 i n .  (0.94 cm) (0. 13 cm) th i ckness  
d i a m e t e r   ( t y p i c a l )  

Specimen th i ckness  I ( see   t ab le )  

r 0 . 7 5  in .  ( I  .9 cm) I 

6 in. (15 crn) I 

Spec i men I Spec i men 
Mater i a 1 width,   in .  (crn) th ickness ,   in .  (crn) 

~ 

Waspal oy 

Incone l  71 8 

.25(. 64) I ncone 1 625 
. O f  O( .025) .25(. 64) 

.01 O( .025) .15( .64) Coated  Inconel  625 

.01 O( .025) 

.. . . 

0.25(0.64) O.OlO(0.025) 

i 

F i g u r e  3. T e n s i l e  Specimen Conf igurat ion  (Nominal   Dimensions) 
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M a t e r i a l  
cond i  t i on  

A s  r e c e i v e d   p l u s  
double  ag ing 

P a l n i r o  7 i n  
vacuum p l u s  
double  ag ing 

P a l n i r o  7 i n  
hydrogen p l u s  
double  ag ing 

Aged a t  1400'F 
( 1030'K) 

1825OFt  1270'K) 
PIUS double 
ag i ng 

1825'F( 1270'K) 
p l u s  double 
a g i n g .   l o n g i t u d i n a l  

'Pub1 ished  data 
on  bar 
( r e f e r e n c e  2 )  

AMs5544 f o r  
s t r i p   ( u p   t o  
0.02 in .  
(0.05 cm) 
th i ckness )  

F igure  4 

E l o n g a t i o n  1 7  Y i e l d  1.:.-;...3 U I  t imate 

Test 
tempera ture  S t r e s s ,  k s i  (MN/m ) 

2 

- 40 ao I20 I60 200 

R T  

I 400( 1030) 

14001 1030) 

R T  

I400( I030 

RT 

I400 1030' 

RT 

1400( 1030) 

RT 

1400. 1030' 

0 I O  20 50 40 

Elonga t ion ,   pe rcen t  

U l t imate  St rength,   Y ie ld   St rength  and  E longat ion  for  
Waspaloy a t  Room Temperature  and I 4OO0F( I030'K) 

60 



I 

Figure  5.  Typical  Waspa 
Temperatures, 

loy   Stress-Stra in   Curvesat  Room and Elevated 
As-received  with  Double  Aging  Condition 



E l o n g a t i o n   Y i e l d  U l t i m a t e  

Ma te r ia l   Tes t   S t ress ,   I t s i  (MN/m ) 
cond i t i on   t empera tu re  

2 

40 a0 I20 I60 200 
( 1100) ! 1380) 
" 

s r e c e i v e d   p l u s  RT 
ag i ng I ZOO( 920) 

P a l n i r o  7 p l u s  
ag ing  I200( 920) 

RT 

Pub1 ished  data on RT 
aged  sheet 
( r e f e r e n c e  2 )  

I Z O O (  920) 

AMS 5596A 
RT 

I200( 920) 

C e r t i f i c a t i o n   f o r  RT 
purchased  mater ia l  

0 I O  20 30 40 

Elongat ion ,   percent  

F igure 6. Ultimate  Strength,Yield  Strength,  and  Elongation Fsr Inconel  718 
a t  Room Temperature  and I ZOOOF (920'K) 
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F i g u r e  7. Typical   Incorlc!  718 Stress-Stra in   Curves  a t  
Room and Elevated  Temperatures 
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0 Y i e l d  

M a t e r i a l  
c o n d i t i o n  

A s  received 

Test 
temperature > 

As received p lus 
Inconel  718 aging 

P a l n i r o  I c y c l e  

P a l n i r o  7 c y c l e  

R T  

RT 

I LOO( 1030) 

I600( I 140) 

KT 

I LOO( 1030) 

I600( I 140) 

Coated  wi th   Paln i ro  I 1600( 1140) 

Coated  wi th   Paln i ro  7 1600( 1140) 

Coated  with  Nioro l600( I I LO) 

Publ ished  data on 
sheet   ( re ference  3 )  

AiResearch EMS95353 

RT 

I LOO( I030 

l600( I 140) 

I I I I 
0 40 I t  80 

( 550 ) 
I 2 0  
i 890, I I (  (280) 

Stress.  k s i  ( M N h ' !  

3 .  U l t i v c l t e   m d   Y i e l d   S t r e n g t h  

figure 8. Inconel 625 Tensile  Test  Results 
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M a t e r i a l  
c o n d i t i o n  

As rece i ved 

As received  plus 
Inconel 718 aging 

P a l n i r o  I c y c l e  

P a l n i r o  7 c v c l e  

temperature 
Test 

I I I I I 

RT 

R T  

1400( 1030) 

l600( I 140) 

R T  

I LOO( 1030) 

I600( I 140) 

Coated w i t h   P a l n i r o  I I600( I 140) 

Coated w i t h   P e l n i r o  7 1600( 1140) 

Coated wi th   N ioro  1600( 1140) 

I 
Published  data on 
sheet ( re fe rence   3 )  

R T  

1400( 1030) 

1600( I 1 4 0 )  

AiResearch EMS95353 

Cert i t icat   ion,   heat  no. 
0 4 7 3  

R T  

R T  

0 20 40 60 80 IO0 

Elongation,  percent 

b.  Elongation 
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- Specimn m V e m n t  

---- E l a s t i c  l i n e  

--- 0.2 percent  o f f re t  

6 t I /  
I 

.'* .', .: . d  :.o 0 1 d lb 1; I: ib Ib 2;  ;2 2: ib 2b 4 3; i4 $! 
str.in, Q0TCL"t (.xtens-ter . o . a n t )  Strain,  percent (cr0ssk.d mv-nt) 

b. 1600°F11040010, Palnino I c y c l e .  Y ~ C U M ,  900 I andi t ion  

F igure 9.  Typical  Inconel 625 Stress-Strain Curves at  Room 
and Elevated  Temperatures 



Header -L 

bar  width 

i: 

I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
1 
I 
I 

Panel  width 
I 

3 if 
(7.6 cm) 

Typical  section t f  

~ ~~~ 
~~ ~~ ~~ 

Header Pane 1 
w i d t h  w i d t h  

cm cm . cm i n .  crn i n .  cm i n .  cm 
. 

Panel   length was 2 in.  ( 5  cm) f o r  the b r a z e   p r e s s u r e   e v a l u a t i o n s   w i t h   I n c o n e l  625. 
The p a n e l   f o r  the b r a z e   p r e s s u r e   e v a ! u s t i o n s   ( f i g u r e s  14 and 16) d i d  not have  header  bars.  

" - I~  - ~ 
~~ 

Figure IO. Brazing  Evaluation  Specimen  (Nominal  Dimensions) 
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i 

a. Shape  of 0.004 i n .  (0.010 cm) t h i c k  Waspaloy f i n s  
before   b raz ing   (S t r ips   above  and  below f i n s  are 
n o t   f a c e p l a t e s )  

b .  Shape of 0.003 i n .  (0.008 cm) t h i c k  Waspaloy f i n s  
before   b raz ing   (S t r ips   above  and  below f i n s   a r e  
no t   f acep la t e s )  

c .   Typ ica l   c ros s   s ec t ion  of panels  brazed  with 
P a l n i r o  7 

d .  Cross   sec t ion  of panels  brazed  with  Nicrobraz 65 

Figure 1 1 .  Cross Sect ions  of Waspaloy P l a i n  
Rectangular   F ins a n d  B r a z e d  Specimens 
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" ". . . .. . . . .. " .. . . ". - . - - - . - -  

a .   T y p i c a l   j o i n t s  f o r  Pa ln i ro  7 b raz ing   a l loy  

~~ 

b.  Typ ica l   j o in t   fo r   i d io ro   b raz ing  alloy 

Figure  1 2 .  Cr-uss Sect ions o f  Brazed  Inconel  718 Chevron F i n  Specimens 
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a .  Shape of Inconel   625  o f f s e t  f i n s   b e f o r e   b r a z i n g  

b .   Typ ica l   Incone l   625   pane l   a f t e r   b raz ing  

F i g u r e  13. Cross Sect ions  o f  I n c o n e l  625 
R e c t a n g u l a r  O f f s e t  F ins   and  
Brazed  Specimens 
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Thermocoup 1 e -h 1 ocat  ions 

r 

n \  \ r 
-Guide 

1 

F igu re  14. Schematic f o r  Deadweight  Loading  Inconel 625 
Panels   (Brazed  Wi th  Paln i ro  I i n  Vacuum f o r  
1200 s) t o  Obtain a 2 t o  12 p s i  (14 t o  

83 kN/m ) Pressure Range on   P la te -F in   Jo in t s  
2 

Dur ing  Braz ing 
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a .  Deadweight  loading a t  2 p s i  (14 1cN/m2) 

b .  Deadweight  loading a t  12  p s i  (83  kiq/m2) 

C .  Envelope   braz ing  a t  14.7 p s i   ( 1 0 1  kh/m2) 

F i g u r e  15. P h o t o m i c r o g r a p h s  of  I n c o n e l  625 Specimens 
B r a z e d   w i t h   P a l n i r o  I a t   T h r e e   P r e s s u r e s  b y  
Deadweight   and  Evacuated  Envelope  Methods 
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I 

To vacuum  pump 

To bleed  valve- 

u 

Thermcoup 1 e I 
( both s i  des) 

- Inconel  625 
braze sample 

I 
I 

1 - I 
I 

I f 
A 

I 
I A 
I 

L""--J 

Tungsten iner t  
gas ( T I G ~  weld 

Section A-A edges OF Haste1 l o y  
One atmosphere  (exaggerated  for   c lar i ty)  X sheet  envelope 
pressure - 

I I .  

1 Inconel  625 f i n  

Pa ln i ro  I f o i  1 

Inconel   625  plate 
Ref  ras I I c l o t h  

-Hastel loy X envelope 

Figure 16.  Schematic o f  Evacuated  Envelope  Method 
for Brazing  Inconel  625  Panels 
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Pressurizing  tube; 0.06 
outside  diameter, 0.009 
wall   thickness 

in. (0.15 cm) 
in. (0.023 cm) 

Header  width 
(four sides)  

Typical  f inned  section ( A - A )  tf 

~.~ . . . "  ~ ~~~ .~ ~ ~ . - " 

h f i n  

cm in. cm in. crn in. cm in. cm in. cm i n .  

length 
Pane 1 Header -1 width t f   t f i n  b f i n  

Waspaioy Plain  rectangular  0.075 0.191 0.05 0.13 

7.6 5 . 0  . S i  .20 .025 . O i O  .010 .004 . I 3  .05 . I 2 7  .050 Rectangular  offset Inconel  625 

8.4 3.3 .SS . I3  .051 .020 .015 .OM .51 .20 .777 .306 Chevron Inconel 718 

7.6 3.0 0.51 0.20 0.025 0.010 0.008 0.003 

Inconel  625 Rectangular   of fset1 ~~ . 0 5 0 L l 2 7  .05 . I 3  . O L y I  .0101 . O l O L O 2 5 [  .20 I .5l- 13.0 17.6- . - ]  

*One faceplate of  Inconel 718 1 

Fin  type 
Mater ial  ( f i g u r e  2 )  

-~ ~ . . .~ 

~~~~ . .. . ~ . .. " 

-71  8* 

~ ~ ~. - ~ 

Figure 17. Burst and Creep Rupture Specimens (Nominal  Diminesions) 
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FiSu1.e IF,. l n t c r n a l  P r - e s s u r c   T e s t  Facility 

75 
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a. Waspaloy b u r s t  specimen b .  Inconel 718 b u r s t  specimen 

c. Inconel 625-Inconel 718 
b u r s t  specimen 

d.  Inconel 625 creep r u p t u r e  
specimen 

F i g u r e  19.  Typ ica l   Bu rs t   and   C reep   Rup tu re   Fa i l ed   Spec imens  
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a .  F a i l u r e  a t  the n i c k e l  
p l a t i n g   i n t e r f a c e  

b .  F a i l u r e   t h r o u g h   t h e   b r a z e   j o i n t  

c .  F a i l u r e   t h r o u g h   t h e   f i n  

F i g u r e  2 0 .  Typ ica l   Burs t   and  Creep R u p t u r e   J o i n t   F a i l u r e s  

77 



200 

IO0 

50 

20 

I O  

5 

""_ 8 Palniro I ,  vacuum, I200 s 
-. 

" - @ Pal n i  r o  7, vacuum, I200 s 

. 1000 

500 

200 

I 2 5 IO 20 50 100 200 so0 1000 

Time, hr 

Figarc 2 1 .  S t r e s s  Rupture  Data f o r  WaSpalOy 
Panel  s a t  I400'F ( ! O 3 O 0 K )  



200 

IO0 

50 

20 

IO 

5 

2 

IO00 

500 

"" - A P a  1 n i ro 7, hydrogen, I 2 0 0  s 

(Sol i d symbol ind ica tes  no 

I 2 5 I O  20 50 100 200 500 1000 

Time, h r  

F igure 22. Stress  Rupture Data f o r  Inconel 718 Panels 
a t  12OO0F (920'K) 
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Open symbols, 16OO0F( I 140'K) 

Sol i d  symbols, 14OO0F( 1030'K) 

P u b l i s h e d  data,  reference 3 I 1 1 1 1 1 1  I 

Time, h r  

F igure  23.  Stress  Rupture  Data for  Inconel  625  Panels 
a t  1 4 O O 0 F (  1030'K) and 16OO0F( I 140°K) 



I 

Time, hr 

F i g u r e  24. A Comparison o f   S t r e s s   R u p t u r e   R e s u l t s   f o r   B r a z e d   P l a t e - f i n  
Specimens wi th Paren t   Me ta l   P roper t i es .   Has te l l oy  X and 
Incone l  625 Specimens T e s t e d   a t  1600°F(I 140'K) 



P p, J p p l i c d   l o a d  

Support ( t y p i c a l )  

L o a d   a p p l i c a t i o n  

I€ v ' P/2 

Shear diagram 

Moment d i ag ram 

a.  Pure  bending  between  supports 

P ,  app l   ied   load  + 

Load a p p l i c a t i o n  

v = + P / b  
0 

v = - P l b  

Shear  diagram 

M = Pa/8 

0 

Moment diagram 

b.  Shear  and  bendinq  between  supports 

F i g u r e  2 5 .  Flexure  Loadings  and  Shear  and Moment Diagrams 
( 2  i n .  ( 5  cm) beam w i d t h )  

82 



3.85 i n .  

in. 

c 

A W 

0.075 i n .  0.42 
(0. 191 cm) ( ! . O S ,  I ,  

0.075 i n .  0.42 in. 

4 I . O i n . k -  (2.5 cm ( 4 I O  i n .  cm) --+I.o 2.5 in.L cm) 

a. Pure  bending 

0.2 i n .  
(0.5 cm) 

b. Combined shear  and  bending,  external   re inforcement 

Reinforc ing  header  
(same as s e c t i o n  A-A)  

K n i f e  edge ( t y p i c a l )  

1 0. I O  i n .  
F ins  in   non-shaded (0 .25  cm) 
areas ( t y p  i c a l  ) 

c.  Combined  shear  and  bending,  internal  re in forcement  

a i l s  F igu re  26.  Specimen  and  Loading  Det 
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, , _. . ~ ". "" I 

r r  
0.01 in. (0.025 cm) face   sheets  

1 j S o 1   i d  b a r   h e i g h t  
e q u a l s   f i n   h e i g h t  

d. Secti0.n A-A ( n o t   t o   s c a l e )  

0.01 in .  (0.025 cm) face  sheets 
.05 in. (0.13 cm) 

P1 a i  n r e c t a n g u l a r   f i n s  
( f i g u r e  2a) 4 

0.075 in .  (0. I9 cm) 

2 in. (5 cm) -4 "r 
e. Sec t ion  B-B, Waspaloy 

~ 0.01 in.  (0.025 cm) 

0.2 in .  (0.5  cm)* face   sheets  
I r 

Chevron f i n s  
( f  i gure 2b) 0.306 i n .  

(0.777 cm) 

f. Sec t ion  9-B, I ncone l  718 

0.5  in. (1.3 cm) /A (R+h/2)sin0 = R r  
diameter room 
temperature 
r o l l e r   ( t y p i c a l )  

R e l a t i v e   s i z e   o f  
0.25 in .  (0.6 cm) 
d i   ameter   h igh  
t e m p e r a t u r e   r o l l e r  

(R+h/2) ( I - C O S 9 )  

9. Loaded p o s i t i o n  o f  t w o - r o l l e r  
end in   pu re   bend ing  
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I 

Testing nachinr 
l n s l r m  Universal 

a. Schematic  of test  f i x t u r e   s e t u p  
f o r  pure  bending 

b .  Combined shear   and  bending tes t  s e t u p  
wi th   ex te rna l   re inforcement   Waspaloy  
s p e c i m e n   i n s t a l l e d  

Figure  2 7 .  Room Temperature  Flexure  Test   Fixture 
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Figure 2 8 .  High  Temperature Test F i x t u r e  With Waspaloy 
Specimen Installed  and Furnace Removed 
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Figure 29. Load-Deflection Results For Waspaloy 



I20003101 
- 
- noolJ5bol t 

88 



I 

0 

Single- layer   sandwich 

""_ Two- layer  sandwich 

0 Reference I design  condi  t on 

20 40 60 80 I 00 120 

R a t i o  of  a c t u a l   s t r e n g t h   t o   t h e o r e t i c a l  
s t rength ,   percent  

F i g u r e  31. E f f e c t  of Panel   St rength  for   External   Pressure 
Loading on Overal l   Panel  Weight 
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. -. . .. .. - ._ .- 

"" ' 

From top   t o   bo t tom  the   spec imens  are: 

(1) Waspaloy  pure  bending a t  1400°F (1030'K) 

(2)  Waspaloy   shear   and   bending ,   ex te rna l ly   re inforced  

( 3 )  Waspa loy   shea r   and   bend ing ,   i n t e rna l ly   r e in fo rced  

(4) Waspaloy  pure  bending a t  room tempera ture  

(5) Incone l  718 pure   bending  a t  room tempera ture  

( 6 )  Incone l  718 shear   and  bending 

(7)   Inconel   718  pure  bending  a t   1200°F (920'K) 

Figure 32. Flexure  Test  Specimens After Testing 
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I 

a .  Waspaloy pure  bending a t  b -  Waspaloy pure  bending a t  
room temperature  1400°F  (10300K) 

i 

c .  Waspaloy  bending  plus  d.  Waspaloy  bending  plus 
shear  a t  room temperature,  s h e a r   a t  room temperature,  
ex te rna l   re inforcement  in t e rna l   r e in fo rcemen t  

e .  Inconel  718 pure  bending 
a t  room temperature 

f .  Inconel  718 pure  bending 
a t  1200OF (920OK) 

g. Inconel  718 bending  plus 
shea r  a t  room temperature 

Figure 33. Closeups o f  Flexure T e s t  Failures 
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I 

a. Fin  configuration 

K spring  rate 

K 2  < K I  
b. Model  of  fin  configuration 

Figure 3 4 .  Defective  Fin  Analysis  Model 
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1 '1 D e f e c t i v e   f i n  ! Face  sheet 

~ M a t e r i a l  O F ( O R )  p e r c e n t   i n .  (cm; 
!-A I 1 I I I I I l l  

, Uaspaloy 

T e m p e r a t u r e ,   s t r e n g t h .  ~ t h i c k n e s s ,  

1 
1 

1 
, RT - - - - - " - - - - " 0 

0 0.010(0.025/ - RT - -" - - - - " - - - 

' RT 50 O.OlO(0.025) 

50  0.020(0.051) 
- - - "_ - - "- - - _" 

RT 
I "_""" i ""_ 
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I 
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""-I """"" t I 

I400( 1030) 50 ~ 0.005(0.0l3) i I  
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le - - " - - -5- - - - I400( 1030) 50 0.010(0.025! 

~ l400( 1030) 50 1 0.020(0.051 j 
"'I-" -I 

0 O.OlO(0.025) 
"" "". I 

0.020(0.051! 

I 
. "_ _" "- 

"_ " 

0.020(0.051 : 

I LOO( I030 0.005~0.013' 

I400(  I030 O.OlO(O.025', 

1600(1030~ 0.020(0.051' 

1600' I030 50 0.005(0.013' 

1400(1030 0.010\0.025' 

1400; I030 50 0.020\0.051 

" " -" 
" -""", 

" " "". 
" " - -" 
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" """_ 

I I 1 I I I I I I 

0 IO 20 30 40 50 60 70 80 90 1 

F r a c t i o n  o f  f u l l  s t r e n g t h ,   p e r c e n t  

F i g u r e  35. T h e o r e t i c a l  B u r s t  S t r e n g t h   R a t i o  For a Pane l   W i th  One D e f e c t i v e  
F i n .   F i n   G e o m e t r y   C o n s i s t s  o f  0.004 i n . ;0 .010 cm'. Th ichness .  
0 . 0 7 5 i n .  (0.191 cm) H e i g h t  a n d  0.05 i n .  10.13 cm', Spac ing  



.4( 1 

E 
U - .3( 
C .- - 
C 

._o .2(  
U 
U 
al 
u- 
al 
c 

. I (  

Length,  in. (cm) 

a. Pure  bending  measured  a t   f ive  po ints   a long  the 
specimen  compared t o   c i r c u l a r  shape 

'. 2 )  

. 2 ( . 5 1 )  

25)  

0 
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""" E l a s t i c   s t r e s s   d i s t r i b u t i o n  

" - E l a s t i c - p l a s t i c   s t r e s s   d i s t r i b u t i o n ,  
Waspaloy s t r e s s - s t r a i n   c u r v e   ( f i g u r e  5) 
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F igure  37. Comparison of E l a s t i c  and E l a s t i c - p l a s t i c  
Stress  Dist r ibut ions  for   Pure   Bending 
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